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Abstract 
 
Friction stir welding (FSW) is a modern solid state welding technique developed at the 
welding institute (TWI) in 1991. The joining is achieved by heat generation, material 
softening and plastic deformation following the travelling of non-consumable pin through 
the gap between the two workpieces to be joined.  
 
In present study, joining of AA 2024-T3 aluminium alloy, is achieved by FSW. The 
influence of the FSW on the alloy microstructure and corrosion behaviour is determined. 
The effect of laser surface melting (LSM) treatment on the improvement of corrosion 
resistance of friction stir welded alloys is investigated. Further, heat treatments to 
simulate the welding process with controlled cooling rate are performed to assess the 
effect of cooling rate on the microstructure, consequently, the corrosion performance of 
the welds.   
 
It is revealed that FSW process introduces elevated temperatures at the weldment, 
resulting in distinct regions with modified microstructures. The regions are named as the 
TMAZ (thermomechanically affected zone) and the HAZ (heat affected zone). TMAZ, 
positioned at the weldment centre, is featured by a central nugget with dynamically 
recrystallised fine, equiaxid grains, that is surrounded by heavily deformed grains. HAZ, 
positioned as narrow bands just outside TMAZ, has grain size similar to parent alloy. 
Corrosion testing shows that the as-welded alloy is highly susceptible to corrosion, 
particularly at the bands just out side the TMAZ (i.e. HAZ). Welding process resulted in 
the preferential precipitation of copper and magnesium rich particles at the grain 
boundaries within the HAZ, which reduces the corrosion resistance as a result of the 
galvanic coupling of the sensitised grain boundaries and the adjacent matrix. 
 
Laser treatment resulted in a melted near-surface layer, up to 6 µm thick, where normal 
constituent particles are absent. Corrosion testing showed that laser treatment reduces the 
degree of localized corrosion due to the removal constituent particles. However, scrutiny 
of the melted near-surface layer revealed continuous segregation bands, approximately 10 
nm thick, containing mainly copper. The presence of such segregation bands promoted 
localised corrosion of the laser melting layer due to microgalvanic action. From the areas 
where melting layer is corroded, localised corrosion propagated further into the weld 
intergranularly. The severe intergranular corrosion beneath the laser melting layer 
undermines the laser melting layer, resulting delamination of the surface layer from the 
underlying bulk alloy.  
 
The simulated heat treatments show that the cooling cycle of the welding process has a 
significant influence on the alloy’s microstructure and corrosion behaviour. Slow cooling 
can result in formation of a continuous network of second phase particles at the grains 
boundaries, leading to significantly reduced corrosion resistance. Rapid cooling tends to 
prevent the formation of second phase particles at grains boundaries, resulting in 
improved corrosion resistance.   
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Abbreviation 
 
°                                          
 
Degree of angle 
°C                                        Degree Celsius 
AC                                      Air cooling 
A/cm2                            Amber 
ASTM American society for testing and materials 
cm2                                     Centimetre square 
e                                          Electron 
EBSD                                  Electron backscattered diffraction 
Ecorr                               Corrosion potential 
EDX                                    Energy dispersive X-ray spectroscopy 
Epit                                                          Pitting potential 
FC                                        Furnace cooling 
FSW                                     Friction stir welding 
g                                           Gram (s) 
g/cm2                                                     Gram per centimetre square 
g/l                                         Gram per litre 
GPa                                      Gega Pascal 
h                                          
 
Hour (s) 
HAADF                               high angle annular dark field 
HAGB                                 high angle grains boundaries 
HAZ                                    Heat affected zone 
HV                                       Vickers hardness 
icorr                                     corrosion current                        A/cm2 
IGC                                     intergranular corrosion 
ipass passivation current density          A/cm2 
Jcm-2                                   Joule per square centimetre   
Kg                                       kilogram 
KN                                      Kilo Newton 
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Ksi                                       Kilo per square inch 
kV                                       Kilovolt 
LNQ                                   Liquid nitrogen quenching 
LAADF                              Low angle annular dark field 
LSM                                   Laser surface melting 
M                                        Mole 
MIG                                    Metal inert gas welding 
min                                     Minutes 
ml                                        Millilitre 
mm                                     Millimetre 
mm/min                              Millimetre per minutes 
mm/s                                   Millimetre per second 
MPa                                    Mega Pascal 
mV                                       Mille volt 
µm                                      Micro-meter 
Nd-YAG                           Neodymium yttrium-aluminium garnet laser 
N/mm2 Newton per millimetre square  
nm                                      Nano-metre 
OCP                                    Open circuit potential 
OM                                      Optical microscopy 
pH negative logarithm (base 10) 
PA                                 Parent alloy 
PWHT Post-weld heat treatment 
OCP                                    Open circuit potential 
OM                                      Optical miroscopy 
RD                                       Rolling direction 
rpm                                      Rotation per minute 
s                                           Second 
SCC                                    Stress corrosion cracking 
SCE                                        Calomel saturated electrode 
SEM                                    Scanning electron microscopy  
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SHE                                      Saturated hydrogen reference electrode 
T3 Aluminium temper grade: Solution  heat treated, cold 
worked and naturally aged. 
T-351 Aluminium temper grade: Solution treated, stress relieved 
stretched, cold worked and naturally aged. 
T6 Aluminium temper grade: Solution treated, and artificially 
aged. 
TEM                                   Transmission electron microscopy 
TD                                        Transverse direction 
TIG                                     Tungsten inert gas welding 
Tm                                        Melting point 
TMAZ                               Thermomechanically affected zone 
TWI                                     The welding institute 
UTS                                    Ultimate tensile strength  
V                                         Volt 
W                                        Watt 
WQ                                        Water quenching 
wt                                       Weight percent 
XRD                                   X-ray dispersive 
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CHAPTER 1 
 
INTRODUCTION 
 
Friction stir welding (FSW) is a modern solid state welding technique, initially invented 
at The Welding Institute (TWI) in 1991. FSW is capable of forming reproducible, high 
quality welds, with promised reductions in weight, cost, and covering a wide range of 
component thicknesses. FSW is widely employed to join various engineering alloys, 
particularly those can not be welded by fusion welding techniques, such as high strength 
aluminium alloys. 
 
As a solid state welding technique, FSW does not create any liquid phase, consequently, 
introducing a microstructure free from liquid/solid transformation phases. Thus, the 
mechanical properties and structural integrity of the weldment are better compared to 
those obtained by fusion welding process(1). On the other hand, due to large amount of 
heat generation following with various cooling rates across the weldment, different 
regions of distinct microstructural characteristics are created at the weldment. Previous 
study(2) revealed regions, namely, thermomechanical affected zone (TMAZ) and heat 
affected zone (HAZ). TMAZ is located at the weldment centre, and is divided into two 
sub-regions. The area in the centre is named as nugget and the area at the edges is called 
TMAZ edges. The nugget region is characterised with fine equiaxid grains compared to 
parent alloy. The creation of such grains is attributed to dynamic recrystallisation due to 
deformation and high temperature caused by the process. The TMAZ edges are 
characterised with heavily deformed grains. HAZ is located just outside the TMAZ and is 
defined by region that is affected by heating and cooling sequences, where the grains size 
appear to be similar to that in the parent alloy(3). 
 
The modified microstructures result in difference in corrosion susceptibility at the 
weldment(1,3). It is reported that the HAZ is more prone to corrosion compared to the 
TMAZ and parent alloy as a result to precipitation of second phase particles at the grain 
boundaries.  
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The objectives of current study are to characterise the modified microstructure of 
AA2024-T351 aluminium alloy following FSW and to assess its influence on the 
corrosion behaviour. This alloy is a heat treatable, high strength aluminium alloy, and 
characterised with specific mechanical properties. Consequently, it is widely employed in 
aerospace industry. AA2024-T351 aluminium alloy can not be welded by fusion arc 
welding due to the presence of copper as alloying addition. Therefore, it is usually joined 
mechanically using rivets. Further, post-welding laser surface melting treatment and 
cooling rate control have been assessed for the generation of corrosion resistant welds 
through further modification of the microstructure and the distribution of alloying 
elements(4,5). 
 
The investigation is achieved by implementing of microstructure characterisation 
techniques, such as optical microscopy, scanning electron microscopy (SEM), 
transmission electron microscopy (TEM), X-ray dispersive (EDX) analysis, X-ray 
diffraction (XRD), and micro-hardness measurements. The correlation between the 
modified microstructure and the corrosion behaviour is assessed by accelerated testing 
and electrochemical measurements. 
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CHAPTER 2 
 
LITERATURE REVIEW 
                                                                 
2.1. Aluminium and aluminium alloys  
Aluminium is a member of the light engineering metals group, which also includes 
titanium and magnesium. They have good corrosion resistance to atmosphere(6,7). 
Aluminium does not exist as an element in nature because it has high affinity for reacting 
with oxygen. It exists in nature as different compounds, the main commercial aluminium 
ore is bauxite. Now days, recycled aluminium is also widely used(8). 
 
Aluminium is a relatively newly discovered metal compared to iron and copper. It is 
featured with high strength to weight ratio. Therefore, it is employed in specific 
applications, such as aerospace industry(6,7,9,10). It tends to reduce the fuel consumption 
through weight reduction(6,10). Aluminium and its alloys have a low density compared to 
most engineering alloys, such as steel. Today, Aluminium is considered the second 
engineering material. Aluminium alloys are widely used to replace steel in many 
applications, such as automotive production(8,12). Aluminium and its salts are not toxic. 
Therefore, it is widely employed in food industry(6,7,9,10,13). One of the superior aluminium 
features is its good cryogenic properties. The alloys do not undergo ductile/brittle 
transformation or severe changes in mechanical properties, when used at low 
temperatures applications(9). The atmospheric corrosion resistance of aluminium is 
excellent and is attributed to a naturally air-formed surface oxide film. Aluminium 
components can be readily joined with various joining methods, such as bolting and 
riveting(6,7,13).  
 
2.2. Properties of aluminium alloys  
2.2.1. Physical properties 
Aluminium has a silver white colour. Its colour does not change at elevated temperature. 
The melting point of aluminium is 683°C. The atomic number is 13, while the atomic 
weight is 27(7,8,9,14). Aluminium and its alloys are non-magnetic. They have high electrical 
 29 
conductivity. Aluminium is an excellent reflector when a special surface treatment is 
applied, and usually does not experience from dulling under normal atmospheric 
conditions(6,7,13).   
 
2.2.2. Mechanical properties 
Aluminium and its alloys have a good ductility compared to magnesium. Table 2.1 shows 
the mechanical properties of aluminium compared to other engineering alloys(8,9). On the 
other hand, their mechanical properties is largely influenced at elevated temperature, the 
toughness is improved and the strength decreased(10,12). 
 
2.2.3. Chemical properties 
Aluminium is a relatively reactive element. It reacts with most acids and base substances, 
and has high tendency to react with oxygen. Aluminium oxide (Al2O3) layer forms 
instantly when exposed to air. Both the chemical composition and the thickness of the 
oxide layer are highly dependent on the temperature, humidity and presence of other 
chemical species. Hydrogen atoms have tendency to dissolve in aluminium liquid. Thus, 
porosities are likely to be created during fusion welding process, and cause reducing in 
the weldment properties(15).  
 
2.3. Aluminium alloying  
Pure aluminium has relatively poor mechanical properties. The tensile strength at 
annealed condition is less than 90 N/mm2. Due to its low strength, pure metal is applied 
in the fields that do not require a particular high strength(16,17). On the other hand, for 
engineering applications, the mechanical properties improvement of aluminium is usually 
achieved by addition of alloying elements(16,18). Alloying additions should be controlled 
to avoid the creation of any undesirable properties(17). The alloying elements are 
classified into primary and secondary. The primary alloying elements are copper, silicon, 
manganese, magnesium and zinc, while other elements are considered as secondary 
ones(9,15,17). 
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2.3.1. Alloying elements   
1) Magnesium (Mg)   
Magnesium improves the mechanical properties through solid solution strengthening. 
Magnesium also tends to improve corrosion resistance and weldability. The improvement 
in the properties is highly dependent on the level of magnesium in the alloy. Magnesium 
containing alloys are widely used for chemical storage tanks and pressure vessels(15,17).   
 
2) Manganese (Mn)  
Manganese improves the alloy strength to a moderate level, with acceptable ductility. The 
improvement in mechanical properties is achieved by solid solution strengthening. 
Manganese also tends to improve corrosion resistance. Manganese containing alloys are 
not prone to hot cracking during welding process. The applications include utilities and 
van trailer sheet(15,17). 
 
3) Copper (Cu)   
Copper increases alloy strength significantly through precipitation hardening, and 
improves creep resistance. Copper containing alloys are widely employed in aerospace 
industry. These alloys have low corrosion resistance, poor weldability, and are considered 
prone to hot cracking(15,17). 
 
4) Silicon (Si)  
Silicon tends to reduce the melting point and improves fluidity. Silicon containing alloys 
are widely used as filler metals for joining. These alloys have good strength(15).   
 
5) Zinc (Zn) 
Zinc increases strength through precipitation hardening, but may cause stress corrosion 
cracking. Zinc containing alloys are employed in aerospace industry(15). 
 
6) Chromium (Cr)  
Chromium acts as a grain refiner, if added up to 0.3 wt %. Chromium containing alloys 
have acceptable corrosion resistance, particularly to stress corrosion cracking.    
 31 
 
7) Nickel (Ni)  
Nickel tends to improve alloy strength at elevated temperatures due to the precipitation of 
NiAl3 particles, particularly in Al-Cu and Al-Si alloys. 
 
8) Titanium (Ti)  
Titanium acts as a grain refiner element. 
 
9) Zirconium (Zr)  
Zirconium acts as a grain-refining element(17).  
 
10) Lithium (Li)  
Lithium tends to increase strength, elastic modulus, and to reduce density. The corrosion 
resistance for lithium containing alloys is highly affected by the presence of iron and 
silicon (15,17).    
 
2.3.2. Impurities  
Impurities are the non specified elements, which are present in aluminium and its alloys. 
The impurity level should be less than 0.05 wt % for each element, while the total level 
should be less than 0.15 wt %(9). The main impurities in aluminium are iron and silicon. 
Iron tends to improve the strength, creep resistance and electrical conductivity. It 
extensively reduces the corrosion resistance for pure aluminium. Iron forms various 
second phases, such as FeAl3(17). 
 
2.4. Heat treatment  
Heat treatment introduces modified microstructure by dissolving the alloying elements 
within the solid solution or form intermetallic particles (second phases)(9,10,16). Desired 
mechanical properties are achieved by the combination of both heat treatment and 
mechanical work(18,19). 
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2.4.1. Quenching 
Quenching is performed when the workpiece is immersed in the quenching media or 
sprayed immediately as discharged from the furnace. The obtained properties are highly 
dependent on the quenching media, quenching rate, and alloy composition(17). The 
common quenching media that used for aluminium alloys are cold water, hot water and 
oil. The issues associated with quenching are distortion, and insufficient super-
saturation(19). Quenching of thick workpiece introduces a temperature gradient between 
the surface and the centre(17). 
 
Quenching tends to keep the solutes (alloying elements atoms) within the supersaturated 
solid solution. While high process temperature enhances the solutes dissolution(19). 
Second phases particles are also formed during quenching, the precipitation of second 
phases particles is dependent on quench rate and alloy composition. The amount of 
precipitates can be controlled by reducing the transferring time from the furnace into the 
media and the selection of quenching media(19). 
 
2.4.2. Annealing 
Annealing is a type of heat treatment, which applied to soften the workpiece or 
elimination of internal stress of cold worked alloys. Annealing time is dependent on the 
amount of cold work and the thickness of the workpiece. Annealing needs to be carried 
out at a temperature between 250 - 415°C. Precautions should be taken to avoid grain 
growth during the process(20,21). 
 
2.4.3. Solution treatment  
The purpose of solution treatment is to introduce a homogeneous microstructure through 
dissolution of the elements within the solid solution. The solubility is dependent on 
temperature and alloy composition. The treatment is carried out at or near the eutectic 
temperature, while the soaking time is dependent on workpiece thickness and alloy 
composition(21).  
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2.5. Hardening  
High strength aluminium alloys are featured with precipitation of second phase particles 
that known as hardening precipitates within the matrix(6). In contrast, some alloys can not 
be hardened by alloying elements. Thus, the hardening is achieved by subjecting the 
workpiece to cold work. Soft alloys are characterised by low dislocations density 
compared to hardened one. Therefore, soft alloys are easer to deform(9). 
 
2.5.1. Work hardening    
Cold work is performed by applying an external force below the ultimate tensile strength 
of the alloy. It tends to deform grains, and increase dislocations density. The alloy 
strength increases as a result of the dislocation interactions(6).  
 
2.5.2. Age hardening   
Alloy hardness after quenching increases gradually due to the precipitation of nano-
scaled particles within the matrix. This mechanism is known as age hardening. The 
precipitation may occur at room temperature or can be accelerated if performed at an 
elevated temperature(6). The objective of aging is to improve strengths through formation 
of precipitates due to decomposition of supersaturated solid solution. Age hardening of 
some alloys is significantly improved by introducing a controlled amount of cold work 
prior to aging(21). 
 
i) Natural ageing 
The solid solution decomposition that takes place at room temperature is known as 
natural aging, which is characterised by a change in mechanical properties versus time. 
Natural aging takes place from a few days to many years, depending on the alloy 
composition. The maximum strength is achieved after 5 days for most alloys. The 
maximum strength for AA2xxx alloys requires one week to becoming stable(17,21). 
Naturally aged aluminium alloys are designated as T3 or T4 temper(18). 
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ii) Artificial aging 
Artificial aging is performed by decomposition of the solid solution at an elevated 
temperature, usually in the range of 100 - 200°C. Temperature control during artificial 
aging is important for achieving the target properties(21). The hardening precipitates 
formation is related to the alloy composition. The examples of precipitates are Al2Cu in 
AA2017, Al2CuMg in AA2024, MgZn2 in AA7xxx series alloys and Mg2Si in AA6xxx 
alloys(17). Artificial ageing is dependent on holding time between quenching, tempering 
process, temperature and alloy composition. Artificial aged aluminium alloy is designated 
by T6(17).  
 
2.6. Aluminium alloys designation  
Aluminium products are available in cast and wrought forms. There are various 
intentional designations and classifications for aluminium alloys. In general the 
designations are based on alloy composition, thermal treatment and the product 
manufacturing process. The American Aluminium Association(22) developed a 
designation system for wrought alloys. The designation is defined by numerical digits, 
each numerical digit system identifying a certain characteristic as the following: 
 
1) The first digit indicates the main alloying elements. 
2) The second digit identifies if the alloy is original or modified and its impurity levels.  
3) The last two digits identify the percent of alloying elements (where digit 4 may            
     identify the form of product(10,13). 
 
2.6.1. Wrought alloys 
Wrought alloys products are those subjected to plastic deformation process during their 
fabrication. The main wrought processes are rolling, extruding and forging. The physical 
and mechanical properties are highly dependent on the chemical composition and the heat 
treatment parameters. In general, the thermal and electrical conductivity are reduced for 
further alloying addition, while the strength increases when the alloying elements percent 
increased. The wrought products are available as sheet, plate, rod, wire and foil. 
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Nevertheless, based on the main alloying elements, wrought alloys are divided into heat 
treatable and non-treatable alloys(8). 
 
2.6.2. Heat treatable alloys  
The objective of the heat treatment is to introduce specific properties such as good 
mechanical properties and corrosion resistance through dissolving the alloying elements 
within solid solution, or generation of fine hardening precipitates within the matrix. The 
heat treatment of the aluminium alloys is carried out at a temperature between 400 - 
565°C, following by rapid cooling (quenching) to the room temperature. Usually a 
tempering process after the quenching is carried out at temperature between (100 - 
200°C).The tempering objective is to hardenings within the matrix (9,23). The level of the 
alloying elements solubility within the solid solution is dependent on the cooling rate(9,21). 
 
2.6.3. Wrought alloys classification 
The classification of wrought alloys according to the Aluminium Association is classified 
as 1, 2, 3, 4, 5, 6, 7 and 8 xxx. AΑ2xxx aluminium – copper alloys are heat treatable 
alloys. They have high strength at room and elevated temperature(13), Copper is the main 
alloying element, where magnesium, manganese and silicon are also added in smaller 
proportions(18). The strength of AA2xxx alloys is dependent on the composition and 
temper grade, On the other hand, the strength of such alloys ranges between 27 - 62 ksi 
(185 - 430 MPa). AΑ2xxx alloys have an acceptable ductility, while the weldability is 
low. Therefore, AΑ2xxx alloys are usually joined mechanically. Some alloys such as 
AA2219 and AA2048 can be welded using arc welding(13). 
 
The aluminium-copper equilibrium system has eutectic temperature of 548°C, with 
copper concentration at the eutectic point being 32 wt %. The eutectic equilibrium phases 
include α-aluminium solid solution and θ-phase (CuAl2). The maximum solubility of 
copper in solid solution is 5.7 wt % at 548°C. However, at room temperature, copper 
solubility is very low and is approximately 0.05 wt %. In the presence of magnesium, S-
phase (Al2CuMg) particles are also present(13,19,23). 
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AA2xxx aluminium alloys experience from poor corrosion resistance. Its corrosion 
performance is dependent on the copper content. Corrosion resistance is reduced with 
increasing the copper content(18). On the other hand, in order to improve corrosion 
resistance, various surface treatments, including anodizing, conversion coating, cladding 
and painting are applied on alloy surface(12,24). Due to their excellent mechanical 
properties, the alloys are used for structures requiring high strength. They are widely 
employed to produce aerospace components, such as aircraft wings and fuselage 
components. The main commercial alloys are AA2219, AA2011, AA2019, AA2024 and 
AA2025(13,18,19,23).  
 
2.7. Joining of aluminium alloys 
Most joining techniques are applicable to aluminium alloys, such as welding, mechanical 
joining and brazing. Mechanical joints and adhesive bonding are traditional methods, 
which used to join different workpieces. Mechanical joints include riveting and bolting. 
The joint mechanical properties are dependent on joint design(6,24,25,26). 
 
Welding is achieved when two different components’ surfaces are joined together and 
become one component by complete metallurgical bonding by heating the workpieces 
with or without applied stress(8). Fusion welding can be performed by using a filler metal, 
which leads to create an interface region between melted zone and bulk alloy(27). 
 
Aluminium, in earlier days, suffered from limited weldability. The developments of metal 
inert gas (MIG) and tungsten inert gas (TIG) welding processes facilitate the welding of 
some of aluminium alloys(8,28). The main limitation of these techniques are the formation 
of porosities and hot cracking, due to both the ingress of the oxygen and the effect of 
excessive strain at the welding joint, which resulted from the melting and solidification 
sequences(8,18,28-31). 
 
The microstructure of the weldment is modified compared to parent alloy. That also leads 
to changes in the mechanical properties. Welding process needs to be controlled to get 
optimum properties(24). Wrought alloys that can be joined by fusion welding are AA1xxx, 
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AA3xxx, AA5xxx, AA6xxx and AA7xxx copper free alloys. AA5xxx alloys have better 
welding properties than other alloys. AA2xxx and high strength AA7xxx alloys are 
difficult to be joined by fusion welding process(18). 
 
For success of fusion welding, the following points need to be considered: 1) removal of 
oxide film, 2) avoiding oxygen ingress, achieved by injection of inert gas; and 3) 
applying of post-heat treatment to obtain homogenous microstructure. The welding 
techniques commonly employed to weld aluminium alloys are: 
 
i) Tungsten inert gas (TIG)     
It is an arc welding process. Non-consumable tungsten is used as an electrode. Inert gas 
such as argon is injected as a shielding gas to prevent alloy oxidation.  
 
ii) Metal inert gas (MIG) 
It is a fast arc welding process that uses a contentious feed wire as an electrode and filler 
metal. An inert gas, such as argon or helium is injected into the welding pool to prevent 
oxidation of workpieces. It is used to weld car bodies, storage tanks and large 
structures(6,23,28).  
 
iii) Resistance welding  
It is performed by heating the surfaces to be joined through flow of an electric current 
combined with pressure. The generated heat melts the opposite surfaces and consequently 
joining the components. Resistance welding is employed in the aerospace industry(6,23,28). 
 
iv) Laser beam welding  
It is performed by focusing a laser beam onto the work pieces. A molten is formed in 
dynamic equilibrium with the metal vapour. CO2 and neodymium yttrium-aluminium 
garnet (Nd-YAG) lasers are usually used for welding. Laser welding is characterised by 
lower thermal distortion, high process speed and good joint properties compared to arc 
processes. On the other hand, laser welding is associated with many limitations, such as 
limited penetration depth, hot cracking, process hazard and high costs. The penetration 
 38 
depth is dependent on the applied power and it is varied between 2 - 6 mm. With CO2 
lasers, the maximum penetration is 6 mm. Laser welding is employed in automotive 
industry(6,23,28).  
 
v) Electron beam welding (EBW)  
Electron beam welding is performed through the generation of a high energy density 
beam of electrons within a vacuum chamber. The cost of process is relatively expensive, 
and it is suitable to weld close square joint in single pass for thin components, such as 
foils(8,23,31). 
 
vi) Fine plasma-arc welding 
Plasma is produced when a high voltage is applied to ionised gas. Plasma arc welding is 
considered relatively high cost and employed as spot welding. The associated problems 
with laser welding are also present on plasma welding. The weldment integrity is 
relatively high(28). 
 
vii) Solid state welding 
Solid state welding is perhaps the oldest welding method for joining different 
workpieces, for example using a hammer to join. This technique is performed at wide 
ranges of pressures and temperatures(32). It is suitable to the alloys that are not weldable 
by fusion welding, such as AA2xxx and AA7xxx aluminium alloys(6,32). 
 
There are many types of solid state welding processes which are employed in industry 
such as:  
      1) Friction welding. 
2) Seam weld formation.  
      3) Friction stir welding(24,37). 
 
2.8. Friction stir welding (FSW) 
FSW is a solid state welding process(33), which was invented at TWI in 1991(34,35,36). It is 
performed by generation frictional heating and introducing deformation to the workpieces 
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to be joined. It is widely used to join non-ferrous alloys, such as aluminium alloys. FSW 
is characterised by free hot cracking and low distortion compared to fusion welding 
processes(33). FSW is utilised in automotive and aerospace industry(37,38). FSW is suitable 
to join butt and lap joints(39), and does not require a specific preparation prior to welding 
process(33). 
 
Initially, a rotating tool with a controlled rotation speed, consisting of pin and shoulder as 
main parts, is inserted into the gap between the workpieces to be joined. When the 
threaded or non-threaded pin becomes in contact with the workpieces, heat is generated 
as a result of friction with the surrounded material, leading to softening of the material 
and providing easy tool movement. Then the tool is further inserted until the shoulder 
becomes in contact with the top surface of the workpieces. This contact provides extra 
heat, which helps in further softening of the material and maintaining the plasticised 
material within the weld region. A controlled forward force is then applied to move the 
tool along the joining line. At the end of the joining line the tool is retracted, leaving a 
hole behind. This can be avoided by using a runoff plate(32,33,40,41). Figure 2.1 displays 
schematic for FSW process. 
 
                                        
Figure 2.1. Schematic diagram showing the friction stir welding(42). 
 
2.8.1. Tool geometry 
Tool geometry is one of the main factors that control the microstructure and the 
properties of the joint. The pin plays a role in heat generation, material deformation and 
Tool shoulder 
Tool Pin 
Welding line 
Work pieces 
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material flow(33). While the use of the shoulder helps in generating further heat, 
controlling material flow and consequently the final welding appearance(43). The threaded 
cylindrical pins with concave shoulders are widely used. There are others tool designs, 
such as WorlTM and MX TrifluteTM, as shown in Figure 2.2(33,44).  
 
 
                                   
Figure 2.2. a) WorlTM and b) MX TrifluteTM tools(44). 
 
The WorlTM and MX TrifluteTM tools are characterised by small pin size compared to the 
cylindrical pins and are designed for butt joints(45,46). One of advantages of both WorlTM 
and MX TrifluteTM is to facilitate deformation and material flow(44).  
 
The Flared-TrifuteTM and A-skewTM tools (featured with slightly inclined pin) were 
developed to facilitate joining of lap welding(45,47). They are also employed to extend the 
butt joint width and facilitate the oxide fragments within the joint(48). The advantages of 
both Flared-TrifuteTM and the A-skewTM are to facilitate the material flow path around 
the pin and improve welding properties in term of better mixing/spreading of the material 
within joint(49). 
 
Takeshi Shinoda et al.(39) pointed out that the use of cylindrical pin produces defected 
joints due to poor material mixing during the process compared with threaded pins. Zhao 
et al.(50) revealed that the use of cylindrical and tapered tool pins to join AA2014 
aluminium alloy plates may not properly mix material on the vertical side, and also 
leading to create a tilt hole at the weldment centre. 
 
b a 
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Since the tool has significant influence on the welding properties. Thus, tools should have 
certain specific properties, such as good oxidation resistance and low thermal 
conductivity(8,38).  
 
2.8.2. Process parameter 
Process parameters control properties, microstructure and appearance. Welding 
parameters are divided into independent and dependent parameters. The independent 
parameters include tool geometry, travelling speed, tool rotation, pressure and tilt angle. 
The dependent parameters are a result of the independent ones, including heat generation 
and temperature gradient(8,33,43). 
 
High tool rotation speed tends to increase the friction action, leading to further heat 
generation with increase the stirring action and material deformation(33). Low tool 
rotating speed produces smaller and homogeneous band spacing within the joint(51). High 
axial pressure, high tool rotating and low welding travel speed tend to raise the 
temperature profile(8,38,43).  
 
2.8.3. Metal flow 
The properties of the friction stir weld are governed by various factors, such as materials 
flow and deformation level(43). The material flow is dependent on the alloys composition, 
tool geometry and other process parameters(33). Kumar et al.(52) reported that the material 
movement path is around the pin. The material flow path includes material movement 
from the weld advance side, entering the tool trades and precipitates in the back side. 
Therefore, the back side is highly deformed(33). Mishra et al.(53) revealed that the pin 
design and influences the amount of the deformed materials during the process. 
 
Figure 2.3 and 2.4 show the material flow streams and patterns. The streams lines move 
around the centre, which represents the tool pin. The lines illustrate the presence of the 
transition zone, while the material deposition mainly takes place at the retreating side(43). 
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Figure 2.3. Schematic diagram showing materials flows around the pin(54). 
 
The material flow mechanism for FSW and fusion welding are different. Fusion welding 
produces a homogenous joint from composition and metallurgical points of views. This is 
attributed to the mixing of the workpieces edges to be welded within the liquid pool(33). 
The material flow speed (velocity) for aluminium alloys was calculated by Schmidt et 
al.(55) and found to be from 0.1 to 0.3 of the rotating shoulder speed.   
 
 
 
Figure 2.4. Material flow pattern for friction stir welding(56). 
 
2.8.4. Temperature profiles 
The heat generation during the process introduces modified microstructures and 
mechanical properties at the weldment(33). The heat generation is attributed to both the 
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friction between the tool shoulder/pin and the workpieces. Shear stress is created when 
the workpieces and the tool stick together(33,43). 
 
The preheating of the workpieces prior the process tends to soft the weldment, and 
reduces the heat generation effect. The combination of low yield strength with high 
temperature tends to reduce the heat generation(43). It is suggested that the heat generation 
is influenced by tool rotating speed(54). It is also reported that the heat generation is not 
affected to a large extent by the tool design(43,57). Maximum temperature is always 
recorded at the top surface, which is always below the melting point. The temperature 
profile of the FSW is low compared to fusion welding(33,43). 
 
The weld strength is strongly affected by the temperature profile and the cooling rates 
through redistribution of the precipitates at various welding zones(58). The temperature 
measurements at the tool in practice are difficult due to the material flow and the 
movement of the tool(43). It is calculated that the maximum temperature is within the 
weldment centerline and extends from the top surface to the root. The temperatures 
distribution at the weldment takes form of “V” at the weldment cross section for friction 
stir welded AA6061 aluminium alloy, as shown in Figure 2.5(59). 
 
Mahoney et al.(60) measured the temperature distribution at the top surface of weldment 
and through the thickness during friction stir welding of 6.35 mm thick AA7075 
aluminium alloy plate. They found that the temperature decreased gradually away from 
the weldment. The temperature decreases towards the bottom side at cross section of the 
weldment. Where the maximum recorded temperature was 475°C at weldment edges. 
 
Tang et al.(61) reported that the maximum temperature is recorded at the weldment centre, 
where the temperature profile decreased away from the weldment centre line. They also 
showed that the temperature profile is dependent on weld pressure and tool rotation. Sato 
et al.(62) studied the temperature profile for AA6063 aluminium alloy and reported that 
the temperature profile is dependent on the tool rotation rate. The temperature increased 
sharply when the tool rotation increased from 800 to 2000 rotation per minute (rpm), and 
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increased gradually from 2000 to 3600 rpm. The maximum temperature of 500°C was 
recorded at 3600 rpm. The peak temperature is recorded within the nuggets. Uyyuru et 
al.(63) reported that the temperature profile is controlled by the process parameters, where 
the tool tilting has significant effect.  
 
                                
Figure 2.5. Temperature profile along the cross section of the friction stir welded 
AA6061(59). 
 
2.8.5. Residual stress in friction stir welded aluminium alloys 
During FSW process, stress is introduced as a result of heat generation, material 
deformation and variation of cooling rates at the weldment. The residual stress level is 
dependent on both welding process parameters and workpiece thickness(33,43,64). The 
residual stress value is less than that introduced by fusion welding. Therefore, the weld 
produced by the FSW experiences less distortion and is featured by better mechanical 
properties compared to fusion welding. The stress is relieved by applying a suitable post-
weld heat treatment (PWHT)(33,43). 
 
Staron et al.(65) reported that the stress mode of friction stir welded AA2024-T351 is a 
tensile across the weldment, where the maximum stress of 130 MPa was recorded just 
outside the weldment, with the minimum stress being within the weldment centre. Sutton 
et al.(66) studied the residual stress in the friction stir welded AA2024-T3 aluminum alloy 
using neutron diffraction technique, and they found stress mode is tensile, and has a 
maximum magnitude of 105 MPa within the weldment. Mir Zahedul et. al.(67) reported 
that the maximum longitudinal stress is a tensile stress and has a value close to the room 
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temperature yield strength. The generation of the residual stress affect the weldment 
performance from corrosion and fatigue point of views.  
 
2.8.6. Mechanical properties 
FSW tends to create a variation in the mechanical properties between weldment centre 
and adjacent zones. The tensile strength of the weldment is usually less than that of the 
parent alloy(68). The variation in the mechanical properties resulted from the effect of 
process parameters. On the other hand, the alloy temper condition plays also an important 
role on the mechanical properties of the weldment. Further, the presence of defects, such 
as voids, leads to reduced weldment mechanical properties. Therefore, it is essential to 
control the process parameters in order to prevent creation of the defects within the 
weldment, and produce a weld of desired properties(34,69,70). Chen et al.(71) reported that 
the friction stir welded component has good fatigue strength and less distortion compared 
to those welded with metal inert gas (MIG) and laser welding techniques. On the other 
hand, the correlation between FSW process parameters and the mechanical properties of 
AA7050-T7451 aluminium alloy was studied by Staines et al.(72). They found that the 
using of higher tool rotation rate increases the strength.  
 
The hardness recovery may occur partially as a result of particles precipitation during 
cooling(70). A relatively high hardness at the FSW weldement centre is recorded, and that 
is related to the formation of fine grain structure(34,73). On the other hand, a decrease in 
the hardness profile was observed for friction stir welded AA2024-T3 aluminium alloys 
just outside of the weldment. The softening is attributed to the dissolution of the 
hardening precipitates and precipitation of coarse particles(33,70,74,75,76,77). Chai et al.(78) 
reported that the hardness of friction stir welded alloys is less than that of fusion welded 
one. Starink et al.(79) revealed that the high strength alloys experienced from softening 
zone within the weldment, which is attributed to precipitation of coarse particles. 
 
2.8.7. Microstructure modification 
The typical macrostructure of FSW consists of three distinction regions, as shown 
schematically in Figure 2.6, i.e. thermomechanically affected zone (TMAZ), heat 
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affected zone (HAZ) and parent alloy. The microstructure of FSW is dependent on the 
process parameters, such as tool geometry, rotation/travelling speeds, applied pressure 
and also on the alloy properties(80). FSW is progressed by a complex action of plastic 
deformation and heat generation due to the direct friction between the rotating tool and 
the workpieces. The thermomechanical process leads to the recovery, dynamic 
recrystallisation and redistribution of precipitates at the weldment(64). HAZ and parent 
alloy have similar grain structures. TMAZ edges are characterised by deformed grains, 
while TMAZ centre is featured with equiaxed recrystallised grains. HAZ exhibits course 
second phase particles as a result of the heating and cooling cycles(38,68,81). 
 
 
   PM                                                                                                PM 
Figure 2.6. Regions in FSW joint(82). 
 
2.8.7.1. Thermomechanically affected zone (TMAZ) 
The centre of TMAZ is characterised by onion rings’ appearance, known as nugget 
region. The nugget has fine equiaxid grains. The creation of fine grains is due to the high 
heat generation combined with plastic deformation. The extent of the refine grains is 
dependent on tool rotation, i.e. the amount of heat generation during the process. The 
formation of the equiaxid grains is a result of dynamic recrystallisation(51,70,83,84). The 
TMAZ edges are characterised by plastically deformed grains, which originated from the 
large plastic deformation as a result of both heat generation and friction due to pin 
travelling. Nevertheless, The generated heat and deformation within the TMAZ edge are 
not sufficient to introduce recrystallisation(33,74)
.
  
 
FSW leads to fragmenting the original grains due to the high speed of the rotating pin and 
the stirring action. The original grains and subgrains are replaced with fine, equiaxed 
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recrystallised grains in the nugget(83,84), where the grain size is dependent on the 
temperature variation within the joint(76). 
 
The nugget is featured by low dislocation density(36,85). The onion ring shape is attributed 
to the way in which a threaded pin deposits material from the front to the back of the 
joint. The alloy composition, properties, tool geometry and process parameters govern the 
nuggets’ appearance and size(33,81). Krishnan.(86) reported that the ring is formed as a 
result of the extrusion process. He suggested that each distance between two rings 
represent one tool rotation. The dimension between the spacing is controlled by the tool 
rotating per minute (rpm).  
 
The grain size at the nugget region is small in comparison to other zones. The grain size 
at the nugget region decreases from the top towards the root. Such variation is attributed 
to the temperature gradient at the weldment. The high temperature was recorded at the 
top. While the low temperature is recorded at the bottom side(38). Reynolds(87) revealed 
that the size of nugget region is slightly dependent on the pin size. T. Azimzadegan et 
al.(88) studied the grain size at the nugget of friction stir welded AA 7075 aluminium 
alloy, and found that the grains size is varied from top to bottom at the nugget, and also is 
dependent on the tool rotating speed. Benavides et al.(75) reported that the resultant grain 
size of the nugget of friction stir welded AA2024 aluminium alloy is dependent on the 
process temperature, they also observed a large improvement in the refinement of the 
grain size with using liquid nitrogen media during joining . 
  
Jata et al.(89) suggested that the grain nucleation at the nugget is attributed to continuous 
dynamic recrystallization (CDRX). The grains are characterised by high angle 
boundaries. Xu et al(90) revealed that grain size is increased at high peak temperature 
within the nuggets. Sato et al.(91) analysed the texture of various regions of friction stir 
welded AA6063 aluminium alloy and found the nugget has relatively high fraction of 
angle grain boundaries. 
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2.8.7.2. Heat affected zone (HAZ)  
Heat affected zone (HAZ) is located just outside TMAZ. The formation of HAZ is the 
result of heat generated during the process. However, the generated heat is sufficient to 
soften the material at this region, as a result of stress recovery and precipitation of second 
phase particles within the grain boundaries(92). On the other hand, The width of HAZ is 
dependent on process parameters(84,93). HAZ often has grains size similar to that of parent 
alloy. Temperature profile at HAZ may approach 250°C during welding process for high 
strength aluminum alloys. The induced temperature at HAZ is enough to precipitates 
particles at the grain boundaries(74).   
2.8.7.3. Parent alloy (PA) 
Parent alloy is located just outside HAZ and has original grains that are not affected by 
the heat generated during the process.   
 
2.8.8. Post-weld heat treatments for FSW 
Post-weld heat treatment might be carried out in order to improve weldment properties 
after welding(92). The heat treatment may introduce undesirable microstructures(92). It is 
noticed that the post-weld heat treatment improves the mechanical performance of 
friction stir welding(94). Others authors reveal no significant improvement of the 
mechanical performance(95,96). Feng et al.(97) revealed that the strength and hardness of the 
FSW AA2219 is increased after post-weld heat treatments. On the other hand, grains 
growth occurs in case of the heat treatment temperature exceeded the FSW maximum 
temperature(97).  
 
2.8.9. Distribution of second phases   
FSW may lead to soften some regions (i.e. HAZ), which probably is attributed to 
precipitation of coarse particles and recovery. FSW process also changes the dislocation 
structure at the TMAZ(92). The amount of the solute released from the precipitate 
dissolution was estimated using thermodynamic calculation(20). This is done using a 
numerical model, which assuming the formed precipitates size of HAZ of friction stir 
welded AA7449 is partially dependent on the original precipitate size, the creation of new 
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precipitates is attributed to the kinetics process, which is enough to dissolve, transform 
and coarsen the precipitates(20). 
 
Liu et al.(98) examined the microstructure of FSW AA6061-T6 aluminium alloy and 
pointed out that the precipitates are uniformly distributed. It is observed that there are 
some coarse precipitates in the nugget, while the precipitates in the parent alloy are 
smaller. Sato et al.(74) investigated the precipitation level using TEM. No precipitation 
was observed in the nuggets’ region.  
 
2.8.10. Advantages of FSW 
FSW has advantages compared to fusion welding, FSW does not require workpieces 
surface preparation, such as grinding, brushing or pickling(51,99). The use of a solvent and 
rugs are eliminated. FSW is not associated with radiation or gases. Therefore, FSW is 
considered an environmental friendly welding technique(33,100). FSW is low cost, due to 
low energy consumption(33). 
 
The non-weldable alloys by fusion welding can be joined by FSW, such as AA2xxx 
aluminium alloys(51,99). The successful joining of high strength alloys by FSW is 
attributed to the absence of melting. Therefore, the defects associated with the fusion 
welding process, such as hot cracking are not present. FSW is also used for joining 
dissimilar alloys(100). FSW is applicable to relatively thick workpieces (up to 25mm)(100), 
and is utilized for a wide range of joints, such as T-joints, butt joints, lap and joints(101). 
FSW is characterised by good mechanical properties. FSW joints have relatively low 
residual stress and relatively less distortion/excellent dimensional stability with respect to 
fusion welded one(41,51,99,100,102).  
2.8.11. Limitation of FSW  
The process is difficult to apply on fillet joint. Workpieces need to be clamped rigidly, 
with a backing plate being installed(28). The oxide film on the surface may introduce 
imperfection known as joint line remnant. This phenomenon is related to insufficient 
breakdown of the oxide film during the process(102) it may has an effect on the 
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mechanical properties of the joint(32). Using of rapid travelling speed leads to formation 
of cracks and voids, which reduce the weldment strength, the lap joints are more sensitive 
to defects formation compared with but welding. The size of the formed void is 
dependent on the tool pin diameter and tilt angle(43,99,103). The presence of a tool-exit hole 
at the end of the joint resulted from drawn the tool, may compromise the weldment 
properties. It is difficult to apply the process on some complex geometry joints(103). 
2.8.12. FSW applications 
FSW is widely used in aerospace, ship and automobile industries. FSW is applied 
automatically to butt and lap joints. It covers a wide range of thicknesses, suitable for thin 
sheets (1-2 mm) as well as for larger thickness(6,11). FSW is suitable for flat and long 
components, such as plates and sheets. It can also be applied for pipes. It is used to weld 
high strength alloys, which are difficult to weld by fusion welding. FSW process is 
employed to join copper, lead, titanium, magnesium, zinc, mild steel, stainless steel, 
nickel alloys and plastics(31). 
 
Due to their mechanical properties, AA2xxx and AA7xxx aluminium alloys are 
employed as fuselage, fins and wings in aerospace industry. These alloys are previously 
joined mechanically by rivets rather than conventional fusion welding, mainly due to the 
occurrence of hot cracking during welding, reduction of the joint mechanical properties 
with respect to the parent alloy, poor joint microstructure. Friction stir welding overcome 
all the difficulties associated with conventional fusion welding, and reduce the cost to an 
acceptable level(33). 
 
2.9. Corrosion 
Corrosion occurs in various media, such as atmosphere, soil and seawater. The aqueous 
corrosion is taken place by the flow of the electricity within the metal combined with ion 
exchange at the metal/environment interface. Aluminium is a reactive metal based on the 
galvanic series. The alloys have low corrosion resistance compared with pure metal. On 
the other hand, the alloy corrosion resistance is highly dependent on chemical 
composition(6,12,31,104).  
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2.9.1. Air formed film  
Aluminium and its alloys have a good resistance to atmospheric corrosion, their corrosion 
resistance is attributed to the presence of oxide film on the surface. The oxide film is 
considered as an insulator, and prevents the bulk metal from the attack(6,9,133). The film is 
spontaneously repaired, when it is mechanically damaged or scratched, because 
aluminium has high affinity to react with oxygen(6,16,18,104). 
 
The chemical composition of air-formed film is Al2O3 at dry condition. Alloying 
elements, such as magnesium may exist within the film. The presence of such alloying 
elements at the surface leads to form of combination of aluminium and alloying elements 
oxides(105). The dry film is transparent, tenacious, and adherent, it is also considered very 
inert in various chemical solutions. The thickness of the dry film is dependent on 
temperature. The dry film has thickness of 2 - 4 nm at ambient temperature, and it 
approaches 10 nm at elevated temperature(13,105). The hydrated film is formed due to the 
action of the moisture in atmosphere, as well as when the substrate is immersed in 
aqueous solutions. On the other hand, the film is stable at the pH between 4.0 - 
8.5(13,18,106). The most thermodynamically stable passive film is Al(OH)3. The rolled 
alloys are characterised by the presence of Al(OH)3 crystals within the hydrated film(105).  
 
2.9.2. Corrosion behaviour   
Pure aluminium has good corrosion resistance compared to its alloys. While the corrosion 
behaviour of the alloys is dependent on the alloying elements(107). The oxide film is stable 
in neutral solutions. In the alkaline media, aluminium is corroded rapidly, where the 
corroded surface is characterised by oxide film perforation, while in acid media, it takes 
form of rapid oxide dissolution(13). 
 
At natural pH, the aluminium alloy is corroded locally. The localized attack is attributed 
to the existence of constituent particles on the surface. In general, the second phase 
particles often have corrosion potential different from the matrix, leading to create 
galvanic corrosion cells(108). The existence of the flaws or defects in the oxide film 
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accelerates the localized corrosion in the presence of some aggressive ions, such as 
chloride ions in the electrolyte(109). 
 
According to Purbaiux diagram, the passive region represents the stable oxide film from 
thermodynamic point of view. The passive region is located between pH 4 - 8.5. Beyond 
this region, aluminium is corroded. At pH < 4, Al+3, ions are produced, while at pH > 8.5, 
AlO2- (aluminate) is the corrosion product. The chemical composition of the passive film 
at ambient temperature is (Al2O3.3H2O)(110). 
 
The stability of the film is highly dependent on the temperature, when the temperature is 
higher than 75°C, the formed film is known as boehemite (Al2O3.H2O). However, at 
temperatures higher than 230°C, the film is not stable(104,111). On the other hand, there are 
some behaviours, which can not be explained by Pourbaix diagram, such as formation of 
a passive film, when aluminium is immersed in concentrated nitric acid. 
 
The dissolution of the metal in the acid region is as follows: 
 
Al   →   Al +3 + 3e    -1.63 V (SHE) 
 
In the neutral and alkaline solutions is 
 
Al + 4OH-   →   Al(OH)4- + 3e 
 
The passive film dissolution in the alkaline solution is 
 
Al(OH)3  + OH-   →  Al(OH)4 (112) 
 
2.9.3. Effects of alloying elements on corrosion behaviour    
The alloying elements have a great effect on the corrosion behaviour, their effect is based 
on whether the elements are in solid solution or in the form of second phase particles(18). 
On the other hand, the corrosion potential (Ecorr) is dependent on alloy composition, 
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electrolyte, fabrication process and heat treatment parameters(104,111). The potential of 
pure aluminium in 1 M NaCl-H2O2 is -0.85 (HgCl/Hg), while the alloys have potential 
varying between -0.69 and -0.99 V, based on the alloying addition(6,104). Corrosion 
potentials of various intermetallices and solid solution are presented in Table 2.3. 
The dissolution of chromium and silicon in solid solution has minor effects on corrosion 
resistance. Copper in the solid solution reduces the corrosion resistance significantly by 
shifting the corrosion potential to the cathodic side. The presence of iron and silicon 
increase the amount of cathodic sites. Manganese containing alloys have good corrosion 
resistance, because the potential of the second phases containing manganese have a 
corrosion potential quite close to the matrix potential(6,18,104).The non-dissolved 
magnesium in solid solution tends to form Mg5Al8 at the grain boundaries, which 
promotes intergranular corrosion (IGC)(6,104). 
 
2.9.4. Types of corrosion  
2.9.4.1. Intergranular corrosion (IGC) 
IGC develops as a result of the precipitation of both impurities and second phase particles 
at the grains boundaries. The driving force of IGC is the difference in the corrosion 
potential between the precipitated particles and the adjacent matrix(12,113,114). There are 
several factors, which affect IGC susceptibility, such as the environment and alloy 
composition. The presence of aggressive species, such as sulphur or chloride, accelerates 
the corrosion. However, in specific environments, for example de-aerated conditions and 
pure water the IGC doesn’t take place(15).  
 
Alloy composition plays a role in determining IGC susceptibility. High strength wrought 
alloys such as AA2xxx and AA7xxx aluminium alloys are susceptible to IGC, 
particularly for the alloys that are characteristic with elongated grains(113,115). Lumsden et 
al.(116) reported that the intergranular corrosion in AA2024-T3 is attributed to copper 
depletion in the zone adjacent to grain boundaries, they also found that the copper content 
at the depleted zone was approximately 0.2 wt %. However, the intergranular corrosion 
of Al-Cu alloys is attributed to the difference in corrosion potential between the matrix 
and the grain boundaries(117,118, 119).  
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2.9.4.2. Exfoliation corrosion 
Exfoliation corrosion is characterised by separation of non-corroded layers from the bulk 
alloy due to the action of the volume of the corrosion products underneath the separated 
layers(104). Although the mechanism is not fully understood, it is suggested that the 
exfoliation corrosion is initiated by breaking down the passive film(18). Generally, the 
alloys that featured with elongated grains are highly prone to exfoliation corrosion(18).  
 
AA1xxx, AA3xxx and AA6xxx aluminium alloys have good resistance to exfoliation 
corrosion. In contrast, cold worked AA2xxx, AA5xxx, and AA7xxx alloys are generally 
susceptible to the exfoliation corrosion(18,104,111,113). Exfoliation corrosion is very harmful, 
because it leads to severe reduction in thickness(104). The susceptibility to exfoliation 
corrosion can be evaluated by visual investigation and metallurgical examination(104,111).  
 
2.9.4.3. Stress corrosion cracking (SCC) 
SCC is characterised by a brittle fracture within the ductile material. SCC originates due 
to the combination of stress and special aggressive environments, such as halides ions 
containing media. In contrast, dry air and nitrogen prevent SCC development(15,104,120). 
SCC takes place in the form of intergranular cracking, the initiation mechanism in 
AA2xxx aluminium alloys includes both film rupture and anodic dissolution(121). The 
mechanism in AA7xxx aluminium alloy is accompanied by both anodic dissolution and 
hydrogen-induced cracking(113,122).  
 
The SCC rate is influenced by stress mode, direction and magnitude(123). Further, 
compression stress tends to decrease corrosion rate (SCC), because it acts as a crack 
closer, while the tensile stress accelerates the crack opening(18,124,125). On the other hand, 
crack propagation is dependent on environmental temperature(126). 
 
SCC is minimised by: 1) relieving of residual stress, 2) avoiding applied stress, 3) 
controlling environment and 4) applying of a protective coating. In general, SCC is 
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controlled by reducing the precipitation of second phase particles at the grain 
boundaries(104,111). 
 
2.9.4.4. Pitting corrosion  
The common environments that favourable to generate pitting corrosion on aluminium 
alloys are water, sea water and atmosphere. The role of chloride ions to initiate pitting on 
aluminium alloys is well-known. In general, pitting takes place at pH ranged between 4.5 
- 9, and it is progressed by breaking down of the protective oxide film(13,104,111). This is 
attributed to the potential difference at the pit(15,111,127), the repair of the passive film 
within the pit is dependent on the pH threshold value. When pH value is higher than the 
threshold, the passive film is sustained with no further growth. When the pH is lower 
than the threshold value, the passive film will dissolve, causing further metal 
dissolution(128).  
 
Pitting corrosion on high strength aluminium alloys in chloride containing media is 
characterised by the generation of huge number of pits. Most of the pits have small size 
and disappear within short time. These unstable pits are known as metastable pits. 
Nevertheless, some pits grow rapidly and become bigger than the initial ones; these pits 
are known as stable pits. The generation of stable pits is time dependent(129). The 
generation of the metastable pits, which transited to the stable ones in AA2024-T3 
aluminium alloy is dependent on the surface condition(127), while their distribution is 
dependent on constituent particles nature and existence of flaws(113,127). 
 
The estimation of the stable pit size is complex due to non-uniform pit growing. It is 
suggested that the transition size is 10 µm, but further growth may continue up to 30 µm 
in chloride solutions. However, the size of stable pits is usually between 5 - 10 times of 
the metastable. Trueman(127) revealed that the average of stable pits per centimetre per 
one hour is 38.5. Galvele(128) reported that the pit transition from metastable to stable pit 
occurs when further metal ion hydrolysis takes place, leading the pH to decrease below 
the threshold value. He also found that the pH value is dependent on the current density 
at the pit base, i.e. the rate of metal hydrolysis. 
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Pitting corrosion on aluminium alloys is highly influenced by alloy composition. Pure 
metal, AA3xxx and AA5xxx aluminium alloys have good resistance to pitting corrosion, 
while high strength wrought alloys (AA2xxx and AA7xxx) are highly susceptible to 
pitting corrosion(104,111,130). 
 
The constituent particles in AA2xxx aluminium alloy are Al2Cu, Al2CuMg and 
AlFeMnCu. Al2CuMg is distributed individually and acts as anode with respect to the 
matrix. While both Al2Cu and AlFeMnSiCu particles act as cathode(131,132). On the other 
hand, The presence of copper and iron increase the susceptibility to pitting corrosion(13)
.
 
In general, copper containing aluminium alloys have low pitting corrosion 
resistance(119,133). The copper in the alloy tends to shift the pitting potential to positive 
values(130). 
 
Pitting corrosion has two stages: first stage is pit initiation, where passive film breaks 
down. The second stage is growth of the pit(134). Pit propagation is dependent on the alloy 
composition. AA2024 and AA6056 aluminium alloys have similar pit propagation rate. 
Pit propagation rate is mathematically estimated and found to be proportional to the 
chloride concentration logarithm(134). 
 
Local surface condition has good support for the pit growth. The most favourable 
conditions for pit growth are in the presence of porosity, inclusions and flaws (135). Pit 
shape varies from a shallow to a cylindrical hole. To minimize pitting, aggressive species 
need to be controlled and stagnant conditions to be avoided. Pit in chlorine containing 
media is generally saturated with AlCl3 with low pH of 3.5(13,104,111). 
 
2.9.4.5. Corrosion of weldment  
Welding processes introduce various regions of modified microstructure. This leads to 
different corrosion behaviour(33). In general, corrosion of weldment is dependent on the 
alloy composition(136). 
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The corrosion of FSW takes form of pitting corrosion or intergranular corrosion (IGC). 
The presence of open defects may lead to development of crevice corrosion, which is 
considered as preferable sites for fatigue or SCC(137). It was reported that high rotating 
tool speed tends to introduce pitting corrosion in parent alloy compared to nugget(138). 
The improvement is attributed to the distribution of the S-phase within the matrix(139). In 
contrast, using low rotating speed tool tends to increase the corrosion susceptibility 
compared to those welded by high speed tool.  
 
For AA2024 aluminium alloys, FSW process tends to introduce a network of copper and 
magnesium rich particles at grains boundaries in the HAZ. The presence of such particles 
at the boundaries accelerate the corrosion susceptibility as a result of micro galvanic 
effect of the particles to the adjacent regions(119,140). Dissimilar FSW joints between 
AA2024/AA6056 aluminium alloys revealed that the nugget region is preferentially 
corroded at AA6056 aluminium alloy side. The corrosion was attributed to the galvanic 
effect between the alloys(136). Nevertheless, the welding joints of non-heat treatable alloys 
have good corrosion resistance compared to heat treatable alloys since the potential of the 
HAZ is close to the parent alloy.  
 
Hu et al.(138) reported the friction stir welded AA2195 has better corrosion resistance 
compared to the parent alloy. However, Use of suitable welding parameters and thermal 
treatment to homogenise the microstructure is beneficial to avoid the corrosion of the 
weldment(23,104,111,141). 
 
2.10. Corrosion control 
2.10.1. Anodising  
The corrosion and abrasion resistance of the air formed film is improved artificially by 
increase the film thickness using electrochemical technique. This treatment is named as 
anodising. Nevertheless, the produced film contains two layers, outer porous layer and 
inner compact layer(16).  
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Anodising process creates thick, adherent and hard Al2O3 film. The film is produced by 
immersing the workpiece in electrochemical cell containing a specific electrolyte, where 
the current passes through the cell, causing development of oxide film. Many 
electrolytes, such as boric acid, chromic, sulphuric, phosphoric acids and fluorides are 
employed(18,104,114,142), Organic acids, such as oxalic, malonic or maleic acids are also 
used with small amount of sulphuric acid. Prior anodising, the alloys should be pre-
treated using chemical etching, degreasing etc(142).  
 
The pore population and diameter’s controlled by the solution concentration and 
temperature. The dens film is produced by the applied high voltage, low temperature and 
concentration(142). Pore distribution and density is a function of the used electrolyte(143). 
The Al2O3 film thickness ranges between 5 - 18 µm. It approaches 50 µm for hard film. 
Film thickness is highly dependent on the chemical composition of the solution and the 
applied voltage(142,144).  
 
Anodic film is not stable at pH lower than 4 or pH higher than 8.5(136). Anodising is 
employed as corrosion prevention method against localized corrosion. The effectiveness 
of protection is dependent on film thickness(144). However, after anodizing, various 
surface treatments were applied to improve the corrosion resistance, such as sealing of 
the pores by the hydration oxide. These process is performed by immersing the 
workpieces in boiling water(18,136,142). Further, painting and wax are also applied to seal 
the pores(104,114).  
 
2.10.2. Conversion coating  
Conversion coating is formed as a result of the reduction-oxidation reaction between the 
aluminium and specific solutions. Chromate conversion coating is introduced by spraying 
or immersing the workpiece in chromic acid (Cr+6) solution. The produced film is non-
porous and insoluble. It acts as barrier to the environment and inhibits the cathodic 
reaction. The thickness of the film is between 10 - 1000 nm with different colours 
depending on the solution and the process parameters. The film can be sealed or 
painted(18,104). 
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Chromate conversion coating is widely used in aerospace industry. New environmental 
friendly coatings are developed instead of the traditional chromate base coating, such as 
organic, manganese and rare earth elements base coatings(104,114). Phosphate coating is 
performed by spray or immerse by a solution consisting a phosphoric acid. The produced 
film provides an acceptable corrosion resistance. It also improves the adhesion of paint. 
The film is characterised by pores, and should be sealed(114).  
 
2.10.3. Organic coatings 
Organic coatings are applied directly to the surface. The surface to be anodised or 
conversion coated prior to the application. The mainly employed coatings are epoxy and 
polyurethane based. The applications include automotive, food, and decorative 
industry(104). 
 
2.11. Laser Surface 
Laser is the expression of light amplification by stimulated emission of radiation. The 
laser instrument consists of three components; laser medium, the excitation source and 
the optical resonator. The laser radiation is produced when the laser media molecule is 
excited, and driven to high energy. The excited molecules emit photons. The radiation is 
then amplified, the function of the resonator is to control, and direct the produced 
radiation(145). The lasers types were employed in industries and researches are excimer, 
(Nd: YAG) Neodymium YAG and CO2 lasers.  
 
i) CO2 lasers 
The produced radiation is invisible and has a wavelength of about 10.6 nm. The media is 
a mixture of gases consists of CO2. High power developed. CO2 lasers are employed in 
large scale application(146). 
 
ii) Nd: YAG lasers 
The radiation emits due to excite of yttrium aluminium garnet doped with neodymium 
rod. Nd:YAG lasers are used for low scale applications, which include cutting and 
welding applications(147). 
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iii) Excimer lasers 
The excimer terms excited dimmers, where the dimmers are asymmetric molecule consist 
of mixture halogens gases (such as fluorine and chlorine) and noble gases (such as argon, 
krypton, or xenon). The function of noble gases is to act as buffer. On the other hand, the 
radiation is generated when gases mixture is injected into high-voltage electric discharge 
as nano-second pulses (25 x 10-9 s). However, the radiation wavelength is within 
ultraviolet range, and is dependent on the laser media, as shown bellow: 
 
F2 (fluorine)                                   157  nm 
ArF (argon fluoride)                      193  nm 
KrF (krypton fluoride)                   248  nm 
XeBr (xenon bromide)                   282  nm 
XeCl (xenon chloride)                    308  nm 
XeF (xenon fluoride)                      351 nm 
 
The power of excimer laser that used in industry is about 150 W, whilst in the material 
researches is approximately 15 W. The limitation of excimer laser includes gas 
contamination and dust, which caused by the electric discharge(148). 
 
High strength aluminium alloys are widely employed in aerospace due to their specific 
mechanical properties, On the other hand, due to relatively low corrosion resistance of 
these alloys, conversion coatings, such as chromate base coatings are used as corrosion 
protection technique. However, chromate conversion coating was found extremely toxic. 
Hence, laser surface melting (LSM) is suggested as one of the alternative corrosion(149). 
 
Laser surface melting (LSM) produces melted surface, when focused radiation is 
absorbed by the alloy, leading to melting the surface region followed by fast cooling of 
the molten as a result of wide temperature gradient between the bulk alloy and the melted 
layer. On the other hand, laser surface treatment is also employed to obtain certain 
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surface properties, such as improved wear resistance, strength and fatigue life. The 
applications of LSM include automotive, aircraft, pulp and paper industries. Laser 
welding is characterised by low heat input, leading to low workpiece distortion(64). The 
laser treatment is relatively expensive for large parts(150).  
 
Excimer laser surface melting process is featured with fast cooling, leading to generating 
within the melted layer. However, the cooling rate is dependent on the temperature 
gradient between the molten and the bulk alloy. However, LSM properties is improved 
by applying surface treatments such as anodizing(151). The using of Lambda Physik 
LP315i excimer laser of wavelength 308 nm on AA 2024-T351 produced melted layer of 
thickness from 4 - 6 µm with a homogeneous microstructure compared to underlaying 
bulk alloy(149). 
 
Watkins et al.(152) reported that the laser surface melting process on AA2014 alloy 
introduces a microstructure consisting of columnar grains, which had grown epitaxially 
from underneath workpiece. Some authors(153,154)reported that LSM layer has a 
homogeneous microstructure of cellular/dendrite, due to fast cooling associated with the 
process. Lui et al.(155) showed that the CO2 laser process introduces microstructure 
consisting of cells and/or cellular dendrites, where the dendrite arms have space of 1-2 
µm.  
 
Lui et al.(156) observed that melted layer consists of cellular grains and cellular dendrites 
with second constituent particles which distributed within the dendrite arms. The space 
between the dendrite space depending on type (space in CO2 is less than the Nd: YAG 
laser). Li et al.(157) reported that the presence of constituent particles in the form of A12Cu 
rather than Al2CuMg precipitates within the melted layer. The absence of Al2CuMg is 
attributed to the vaporization of magnesium during the process, leading to the 
transformation of S-phase to θ-phase. 
 
The presence of pitting or porosities is usually considered as a favour sites for fatigue 
cracks. However, it was reported that the excimer laser improves the fatigue life(158). 
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Residual stress is also introduced by fast scanning speeds. The residual stress tends to 
generate microcracks along the grain boundaries. Liu et al.(155) revealed that the 
microcracks and porosities are eliminated when using a scanning speed held between 20 
and 50 mm/s. Further, the LSM is incapable to get homogeneous microstructure on the 
large areas workpieces, which attributed to the various cooling rates. 
 
In general, laser surface melting (LSM) tends to improve corrosion resistance of metallic 
alloys through producing homogeneous melted and rapidly solidified layer reference. 
Nevertheless, the process parameters and laser types has an effect on corrosion 
resistance(160).  
 
The pitting resistance is improved; which is attributed to the refine and homogeneous 
microstructure within the melted layer. The pitting and SCC resistance e is dependent on 
the laser type(160). Yue et al.(161) revealed that Excimer LSM process has improved the 
pitting resistance for AA7075 alloys due to build-up effective passive film. 
 
The applying of the excimer laser on the friction stir welded 2024Al-T351 and 7010Al 
improves the corrosion resistance. It is also tends to lower current density and increase 
the pitting potential. Thus, The improvement in the corrosion performance is attributed to 
the creation of homogenous microstructure after LSM treatment, and also the absence or 
limited presence of the constituent particles at the surface(154,162). On the other hand, the 
using of the LSM process to eliminate SCC and inter-granular corrosion for high strength 
aluminium alloys is not experimentally covered(162).  
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Table 2.1. Comparison of mechanical properties(7). 
 
Alloy or metal 
Specific gravity 
(g/cm2) 
Modulus 
(GPa) 
UTS 
(MPa) 
Specific 
Strength (MPa) 
Aluminium 2.7 65 - 75 50 - 600 25 - 230 
Magnesium 1.75 40 - 50 75 - 400 80 - 225 
Titanium 4.5 95 - 135 240 - 1450 80 - 430 
steel 7.9 160 - 220 250 - 2400 30 - 310 
 
 
Table 2.2. Potential measurements with respect to 0.1 M calomel electrode in 0.53g -1 
NaCl and 3 g-1 H2O2 at 25 C° (15). 
 
Solid solution or 2nd phase Potential 
Mg5Al8 -1.24 
Al-Zn-Mg solid solution (4%Zn2 Mg) -1.07 
MgZn2 -1.05 
Al2CuMg -1.00 
Al-5% Mg solid solution -0.88 
MnAl6 -0.85 
Al(99.95%) -0.85 
Al-Mg-Si solid solution -0.83 
Al-1%Si solid solution -0.81 
Al-2% Cu   supersaturated solid solution -0.75 
Al-4% Cu  supersaturated solid solution -0.69 
FeAl3 -0.56 
CuAl2 -0.53 
NiAl3 -0.52 
Si -0.26 
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CHAPTER 3 
 
EXPERIMENTAL PROCEDURE 
 
3.1. Introduction  
This chapter describes procedures utilized for friction stir welding, heat treatment and 
laser surface modification treatment. Further, techniques for microstructural 
characterisation, including optical microscopy (OM), scanning electron microscopy 
(SEM), transmission electron microscopy (TEM), energy dispersive X-ray spectroscopy 
(EDX), X-ray diffraction (XRD) are described. Procedures for microhardness and surface 
stress analysis are also included. Moreover, corrosion testing, including immersion, 
electrochemical measurements and agar gel testing are described. 
 
3.2. Materials 
The material employed in the present study is AA 2024-T351 aluminium alloy. Its 
composition, which was determined using optical emission spectroscopy, is presented in 
Table 3.1.       
 
The material was supplied by Airbus (Germany), after friction stir welding in the form of 
plates of dimensions of 500 x 400 x 4 mm, with the welding line located at the centre. 
The main parameters utilised for friction stir welding are listed as the follows:  
 
Travelling speed: 200 mm/min 
Tool rotating speed: 800 rpm    
Pressure: 8 KN  
Laser surface melting (LSM) treatment was performed, using a KF excimer laser at the 
power of 10 Jcm-2 on the weldment in order to generate a relatively uniform 
microstructure, therefore, to eliminate the possible galvanic coupling effect between the 
various welding zones. 
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Further, in order to simulate the effect of temperature profile during welding process. 
Heat treatments were carried out on the as received AA2024-T351 aluminium alloy using 
conditions listed as follows: 
 
I)    Heating up to 480° C, 2 min curing time, furnace cooling  
II)   Heating up to 480° C, 2 min curing time, air cooling 
III)  Heating up to 480° C, 2 min curing time, water quenching  
IV)  Heating up to 480° C, 2 min curing time, liquid nitrogen quenching  
  
Carbolite furnace was used. Digital temperature gauge fitted with thermocouple to 
monitor heating rate and holding temperature. Specimens were inserted into and drawn 
from the furnace individually using ceramic tweezers. 
 
3.3. Specimens preparation 
3.3.1. General preparation 
Specimens of 80 x 10 mm were cut in the way that the welding line was located at the 
centre of the specimen as shown in Figure 3.1. 
                                                          
 
 
 
 
 
 
Figure 3.1 Scheme of specimen. 
 
The specimens were then mechanically ground to a depth of approximately 100 µm, 
using an automatic grinding machine. The removed thickness was estimated to be 
sufficient to eliminate any surface defects. Mechanical grinding was carried out using 
600, 800, 1200 and 4000 grit SiC papers. During grinding, water was injected 
continuously. The specimens were cleaned by deionised water, ultrasonically degreased 
80 mm 
10 mm 
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in ethanol, and finally dried in cool air, then stored in suitable dried place for further 
investigation. 
   
3.3.2. Preparation for immersion testing 
a) Grinding  
Surface of the as-welded and heat treated specimens was mechanically ground to 4000 
grit SiC. On the other hand, laser surface melted specimens were prepared by only 
covering the non-treated surfaces with bee wax coating in order to isolate them from the 
test solution.    
 
b) Caustic etching 
Caustic etching was carried out to remove the surface deformed layer. This technique was 
employed for as-welded and heat treated specimens. Etching was performed by 
immersion of the specimens individually into a solution of wt 10 wt %. NaOH at 
temperature of 60ºC for 60 s. The specimens were then cleaned by deionised water. 
 
In order to remove any undesired substance that may form as a result of caustic etching, 
desmuting was carried out by immersion of the specimens into a solution of 70 % nitric 
acid for 60 s at ambient temperature (25°C). After desmuting, the specimens were 
cleaned by deionised water, dried in cool air and kept in a suitable place away from the 
humidity.  
 
3.3.3. Preparation for electrochemical measurements   
Surface of the as-welded and heat treated specimens was mechanically polished up to 1 
µm diamond paste. The specimens were connected electrically to a copper wire using 
spot welding. All specimens’ surfaces, including LSM treated specimens were coated 
using bee wax except  a area of 1 cm2 for testing.  
 
3.3.4. Preparation for TEM  
Specimens for transmission electron microscopy (TEM) were prepared by 
ultramicrotomy and twin jet electropolishing.  
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a) Ultramicrotomy   
This technique is adequate to prepare electron transparent foils for nano-scale 
characterisation in TEM. Slices of 5 x 8 x 2 mm dimensions were cut from distinction 
regions of the specimens. These slices were embedded in mounting resin in special TEM 
specimen holder, as shown in Figure 3.2. The interested surface to be examined was 
positioned at the holder bottom. 
 
 
Figure 3.2. Mounted specimens for ultramicrotomy(42). 
 
Electron transparent foils for TEM examination were then prepared by trimming using a 
Reicheit Jung ultramicrotomy. The edges were trimmed to angle 35° using a fixed sharp 
glass knife. Electron transparent sections were cut using Star diamond knife of clearance 
angle 6° positioned in the instrument. Diamond knife allowed cutting foils of 15 nm 
thick. These foils were collected onto nickel grids for further TEM analysis, hence, they 
would not interfere with EDX analysis of the specimen. The grids were fully dried with 
filter paper and stored in special dry holder.   
   
b) Twin jet electropolishing 
A struers Tenupol twin jet electropolishing machine was employed for preparing 
specimens for nano-scale characterization of various weldment regions and heat treated 
specimens. Discs of 3 mm diameter were punched from the specimens using sparking 
technique. The discs were then mechanically ground (from both surfaces) using 1200 grid 
Paper Label 
 
Specimen  holder 
 
 
 
 Aluminium sample 
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SiC paper to get specimens with thickness of approximately 100µm. Cool water was 
injected continuously during grinding to avoid surface heating. The discs were then 
cleaned in ethanol and dried in cool air. Finally, twin jet electropolishing was carried out 
using a mixture of 70/30 ml methanol/HNO3. Liquid nitrogen was added gradually to the 
mixture till the temperature decreased to about -30º C.   
 
3.3.5. Preparation for SEM and OM 
Chemical etching was used for specimen preparation to obtain clear images of the 
microstructure by optical microscopy (OM) and scanning electron microscopy (SEM). 
Before etching, the specimens were polished up to 1 µm diamond paste. Keller solution 
(2.5 ml HNO3, 1.0 ml HCl, 1.5 HF, 95ml H2O for 15 s) was selected since it was suitable 
to reveal the grain microstructure of the various regions for the tested specimens. After 
etching, the specimens were rinsed using deionised water and dried in cool air. 
 
3.3.6. Preparation for EBSD 
Specimen preparation for electron backscatter diffraction (EBSD) technique was carried 
out by electropolishing, which leads to remove near surface deformed layer introduced 
during mechanical polishing. Initially, specimen surfaces were mechanically ground and 
polished up to 1 µm diamond paste.  
 
Electropolishing was carried out in a stirred solution mixture of 70% ethanol and 30% 
perchloric acid, where temperature must be reserved below 10° C. The selected potential 
of 20 V was applied for 1 min and at temperature close to 0° C. After electropolishing, 
the specimens were cleaned using ethanol and dried in cool air. 
 
3.4. Corrosion testing 
Corrosion testing was carried out in order to evaluate the corrosion behaviour of the as-
welded, heat treated, as well for LSM treated specimens. For this purpose, exfoliation, 
electrochemical measurements and agar gel test were selected.  
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3.4.1. Exfoliation testing     
The objective of this test was to evaluate the corrosion resistance of the various 
specimens in specific solution for certain periods. Exfoliation testing was carried out 
following the specifications of the standard ASTM G-34-01 Standard (Test Method for 
Exfoliation Corrosion Susceptibility in 2XXX and 7XXX Series Aluminium Alloys 
(EXCO Test))(62). For that purpose, specimens were immersed for different periods in a 
solution contain: 
 
NaCl       4.0 M 
KNO3     0.5 M 
HNO3     0.1 M 
 
Prepared specimens according to the procedure described in section 3.3.2 were immersed 
in a solution that has an apparent pH of 0.4, and was maintained at a temperature of 25 ± 
3°C. A fresh solution was used for each testing,  
 
According to the ASTM G-34-01, the experiments for as-welded specimens were carried 
out as the following:  
 
- Pour of 500 ml of test solution in a clean beaker, plastic supports fixed previously at 
the bottom of the container, the specimens were positioned horizontally and also to 
avoid touching the bottom.  
- The specimens were then immersed and put over the fixed supports, in a way, the 
area of the interest was upwards in a horizontal position.  
 -   Various immersion periods from 30 min to 12 h were selected. After each period,  
      the specimens were removed from the solution, rinsed using deionised water, dried in  
      cool air and kept them in a dry conditions for further microscopy examination.   
      The test was repeated several times to ensure the reproducibility.   
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3.4.2. Electrochemical measurements 
Electrochemical testing was performed on as-welded, LSM treated, on each distinction 
regions separately, and it was also performed on heat treated specimens. 0.1 M NaCl 
solution was used as testing media. The measurements was carried out using three 
electrodes cell, which consisted of the specimen as working electrode, calomel saturated 
electrode (SCE) as reference electrode and a platinum foil as counter electrode. Salotron 
potentiostate equipped with ACM software was used. The measurements were performed 
on both aerated and deaerated conditions. The deaerated condition was created by 
injection of nitrogen gas into the sealed corrosion cell for 2 hours before and during 
experiment proceeding. The measurement was repeated for each region several times for 
reproducibility purpose. Open circuit potential (OCP) was measured in both aerated and 
deaerated conditions, once the OCP was measured, both anodic and cathodic polarization 
were performed. 
 
3.4.3. Agar gel test  
The purpose of the agar gel test is to identify the corrosion susceptibility of the welded 
areas by recording any change of the agar gel colour. The gel contains a mixture of 5 g of 
NaCl, 3g of agar gel powder and 7.5 ml of universal indicator. The agar gel test consists 
in covering the specimen top surface with a slice of agar gel, and record any change in 
the agar gel colour along the specimen. The universal indicator within the gel is sensitive 
to the pH of the specimen surface. The test was repeated several times in order to ensure 
the reproducibility  
 
3.5. Characterisation  
3.5.1. Visual inspection 
The objective of visual inspection is to examine any change of the surface appearance 
after the immersion testing, agar gel test and etching. A digital camera and low 
magnification optical microscope type SZH microscopes were employed to record the 
images. 
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3.5.2. Optical microscopy examination 
The aim of optical microscopy was to detect any variation in microstructure/morphology 
of both plane surface and cross section along the weldment for the as welded specimens. 
Further, it was also employed to find out any effect of heat treatment on the 
microstructure and any variation in corrosion behaviour for immersed specimens. An 
Olympus BH optical microscope equipped with JVC TKC1380 digital video camera was 
used, thus, allowing the capture of the images. 
 
3.5.3. Scanning electron microscopy 
SEM examination aimed to study the microstructure features, and also to record the 
changes in the surface and cross section morphology after the immersion test. For that 
purpose, Army 1810, EVO50 and Philips XL-30 microscopes were utilized. All these 
microscopes were equipped with EDX microanalysis facilities, which provides 
information about elemental and chemical composition of the surface analysed. A high 
resolution SEM, Cail Zeiss ULTRA 55 was used to examine the ultramicorotomed 
blocks. 
 
3.5.4. Transmission electron microscopy  
TEM examination aimed to study nano-scale features of the specimens. Electron 
transparent foils were prepared by ultramicrotomy and twin jet electropolishing, as 
described in section 3.3.4. A Joel 2000 FX TEM, operated at 120 KV and Tacnai F30 
instuments, operated at 300 kV, equipped with high angle annular dark field (HAADF) 
and an EDX facility were employed. 
 
3.5.5.  Microhardness measurements 
The objective of these measurements were to study hardness variation along the 
weldment for as- welded specimen, as well as the effect of cooling rate on hardening for 
the heat treated specimens. The microhardness measurement was performed using an 
Instron Tukon 2100 microhardness tester. The machine was set to measure Vickers 
hardness on the HV 0.1 scale with a load of 0.1 Kg. The force was applied for 3 s with a 
dwell time of 10 s. The indentation was carried out every 200 µm. 
 72 
 
3.5.6. Surface stress analysis 
Surface stress analysis is aimed at detecting any surface stress along specimen surfaces. 
The test was carried out using portable proto-i-XRD stress diffractometer. The analysis 
was performed in X and Y directions to find out the stress mode at both directions. 
 
3.5.7.   X-ray diffraction (XRD)   
X-ray diffraction (XRD) was performed to evaluate the effect of welding, LSM and heat 
treatment on the crystallographic composition, X’PERT MPD diffractometer with a 
copper Kα radiation source was used for this purpose. 
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Table 3.1. Chemical composition of AA 2024 aluminium alloy. 
 
Cu Mg Fe Si Mn Zn Al 
4.29 1.45 0.16 0.075 0.49 0.20 balance 
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CHAPTER 4 
 
MICROSTRUCTURAL MODIFICATION DURING FRICTION STIR WELDING 
 
4.1. Introduction  
AA2024-T351 aluminium alloy is investigated in the present study. This alloy is widely 
employed in aerospace industry because of its high specific mechanical properties. The 
alloy is studied after friction stir welding, which is a well-recognised welding process 
utilised as alternative method for fusion welding processes in many 
applications(33,38,68,71,81). This chapter comprises microstructure and mechanical properties 
characterization.  
 
Various characterization techniques were used to investigate microstructure along the 
weldment regions. On the other hand, the mechanical properties were studied by 
analysing of both surface stress and microhardness along the weldment. This chapter also 
shows the correlation between the resulted microstructure and the welding process 
parameters. 
 
4.2. General view  
Figures 4.1 and 4.2 show the feature of the weldment after etching in a 20 g/l NaOH and 
50 g/l of NaF solution for 4 minutes, revealing variously coloured regions at the 
weldment, namely: 1) parent alloy, 2) heat affected zone (HAZ), and 3) 
thermomechanically affected zone (TMAZ)(42,165). This indicates that the welding process 
modified the microstructure within weldment regions. 
 
The parent alloy is referred to the regions of the weldment, where the alloy properties 
were not affected by the welding process and represents the original microstructure of the 
alloy. The TMAZ is located at the weldment centre, with a width of 12 mm at the top 
surface. Cross section examination of the TMAZ revealed that its width is reduced 
gradually from the top surface to the bottom surface to about 4 mm. TMAZ is the region 
where the alloy microstructure was significantly affected by mechanical deformation and 
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thermal cycling during the welding process(51,70). In contrast, HAZ is narrow bands 
located just outside the TMAZ, with width of approximately 2.5 mm, without any sharp 
transition between the HAZ and other regions. The HAZ is the regions, where the alloy 
microstructure was affected only by heat generated during the process(94).  
 
4.3. Microhardness measurements 
The purpose of microhardness measurements is to detect any variation in the mechanical 
properties, associated with the FSW process along the weldment. The measurements 
were carried out on the top surface of the weldment.  
 
Microhardness measurements revealed a variation in hardness along the weldement, as 
shown in Figure 4.3. Minimum values were recorded within the two regions just outside 
the TMAZ, i.e. within the HAZ. This minimum value is about 130 HV. The recorded 
hardnesses at the TMAZ and parent alloy are similar. The softening of HAZ and 
hardening of TMAZ were attributed to the FSW process. The increased hardness within 
TMAZ was attributed to the effect of dynamic recrystallisation that resulted in the 
formation of fine and equiaxed grains. The reduced hardness within HAZ was related to 
recovery of the cold worked parent alloy. 
 
4.4. Residual stress     
The residual stress is usually introduced at the weldment as a result of the heating and 
cooling sequences during the welding process(33,43). The residual stress analysis was 
carried out on the top surface of the weldment. Both mechanically polished and caustic 
etched specimens were employed for the analysis. The function of etching was to remove 
any near surface deformed layer, which might arise due to mechanical grinding and 
polishing. 
 
Tables 1 and 2 comprise the residual stress values for the mechanically polished and 
caustic etched specimens, respectively. It is evident that the residual stress values within 
the various weldment regions are similar in directions parallel and transverse to the 
welding tool travelling (as indicated in the schematic). Further, the recorded values are 
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generally negative, indicating the presence of a compressive stress. The maximum value 
of -207.9 MPa was obtained in X - direction at the HAZ.  
 
On the other hand, residual stress values within caustic etched specimens were lower than 
that determined on the mechanically polished surface, in such way that, in the X - 
direction, the specimen surface exhibited compressive stress, and in the Y - direction, the 
residual stress was variable between tensile and compressive. The reduction in residual 
compressive stress after caustic etching was related to the removal of the deformed layer 
introduced during mechanical polishing. Thus, the recorded residual stress on the etched 
surface reflected the stress distribution caused by FSW process, while the recorded stress 
on the mechanical polished surface reflects the stress that was induced by the near surface 
deformed layer. 
 
4.5. Microstructural weld features 
4.5.1. Parent alloy 
Optical micrographs of the parent alloy are shown in Figure 4.4, revealing a 
microstructure with elongated grains with grain length that varies from 100 to 250 µm. 
This microstructure is attributed to the fabrication process(17,21), i.e. rolling in this case. 
Figure 4.5 (a) shows the SEM micrograph of the top surface of parent alloy. It is revealed 
that the grains were elongated. SEM micrograph of increased magnification of Figure 4.5 
(b) shows that the grain boundaries were free from second phase particles.  
 
Figure 4.6 shows the electron backscattered diffraction (EBSD) map of a selected area at 
the top surface of parent alloy. The map shows high percentage of high angle grain 
boundaries. Further, EBSD map obtained at the cross section is presented in Figure 4.7. 
The map reveals a slight difference in grain width compared to that of the top surface. 
This variation was attributed to the effect of rolling process(43,81). The EBSD map also 
confirmed that the maximum grain length is approximately 250 µm, while the grain 
width at the top surface is generally larger than those observed at the cross section.  
The corresponding pole figures are also illustrated in Figures 4.6 and 4.7, which were 
determined as (100)<001>, (100)<011>, (110)<001> in transverse direction (TD). The 
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pole figures demonstrated that the grain orientation seems to be accommodated at (110) 
direction for both top surface and cross section. The determined pole figures represent 
typical texture of rolled aluminium alloy plate(166). 
 
4.5.2. Heat affected zone  
The optical micrographs of the top surface and the cross section of the HAZ are presented 
in Figure 4.8. In comparison to Figure 4.4, the micrographs revealed that parent alloy and 
HAZ have similar grain size, suggesting that the process did not significantly influence or 
change the original alloy grain size in this region. The grains were elongated and parallel 
to the rolling direction. Figure 4.9 shows SEM micrographs of the top surface of the 
HAZ. The micrographs revealed the presence of a network of second phase particles at 
the grain boundaries, suggesting the welding process caused significant microstructure 
change at this region. 
Figures 4.10 and 4.11 displayed the EBSD maps obtained from the top surface and the 
cross section of the HAZ, respectively. The grain width at the top surface is relatively 
larger than that in the cross section. Additionally, the EBSD maps exhibited increase 
fraction of low angle grains boundaries, and also the presence of subgrains, indicating 
certain degree of recovery of the cold worked parent alloy. This is confirmed by pole 
figures components determined from the EBSD maps for the top surface and the cross 
section of the HAZ.  
 
4.5.3. Thermomechanically affected zone 
Optical microscopy examination showed two distinct microstructures at the TMAZ based 
on the grain structure, as displayed in Figure 4.12. The TMAZ centre, which is also 
called nugget region, is characterised by fine grains(33,71). In contrast, the TMAZ edges 
are featured with heavily deformed grains. While the width of such TMAZ edge region is 
about 700 µm (Figures 4.12 b).  
SEM micrographs taken from the top surface of the nugget and the edge regions of the 
TMAZ are shown in Figure 4.13. The grains within the nugget region are fine and 
equiaxed, indicating a great reduction of grain size after FSW compared to grain size of 
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250 µm in parent alloy. The nugget region has undergone dynamic recrystallisation 
during FSW as a result of heat generation and mechanical deformation. On the other 
hand, the microstructure of TMAZ edge regions exhibited thin and elongated grains.  
 
The EBSD map obtained at the top surface of the nugget confirms the presence of 
equiaxed fine grains with diameter to about 6 µm (Figure 4.14). The EBSD map of the 
nugget cross section is illustrated in Figure 4.15. The grain size is up to about 5 µm, 
becoming finer toward the bottom surface. The relatively larger grain at the top surface 
was attributed to the excessive heat generation due to additional friction introduced by 
the tool shoulder. The map also revealed that the nugget reign was characterised with a 
high fraction of high angle grains boundaries (HAGB)(167). 
 
Pole figures determined from the EBSD maps at the top surface and the cross section of 
the nugget region showed that the major orientation components were accommodated in 
the direction of (110) as observed for parent alloy. The pole figures at the nugget region 
represent shearing texture as a result of the tool rotating during the process. 
    
Regarding the edge region of the TMAZ, Figure 4.16 shows that the EBSD map and pole 
figures taken from the cross section. The map reveals asymmetrical flow due to the FSW 
process. It is evident that subgrains or equiaxed grains, particularly in the regions towards 
the nugget region. Further, an abrupt region is also evident in the map. The grain at this 
region was characterised with heavily elongated thin grains (approximately 40 x 150 
µm), in direction perpendicular to the weld path, suggesting the strain at the region was 
high. The volume fraction of grains with high angle grains boundaries was higher than 
that with low angle grains boundaries. This was attributed to the welding process that 
deforms the grains without imposing any recrystallisation. Pole figures components 
determined from the EBSD maps at cross section of the TMAZ showed that the major 
orientation components were accommodated in the direction of (110) as observed for the 
parent alloy. 
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4.6. Coarse Precipitates 
It is well-known that the presence of second phase particles has significant influence on 
the mechanical and corrosion properties of the weldment. Further, size, shape and 
composition of these particles strongly affect both properties. Second phase particles are 
usually classified based on their size, into constituent particles and second phase 
hardening precipitates(168). 
 
EDX in conjunction with SEM and XRD analysis were carried out on polished 
specimens, in order to identify the constituent particles at weldment regions. 
Microanalysis at parent alloy revealed two types of particles of different chemical 
composition, as shown in Figure 4.17. Particles (1) and (2) are rich in copper, iron and 
manganese, these particles have length up to 10 µm. Particles (3 – 6) are rich in copper 
and magnesium, and have a size up to about 4 µm. Within the HAZ, EDX microanalysis 
showed little difference in the composition and size of coarse particles compared to that 
in the parent alloy, as displayed in Figure s 4.18.  
 
SEM associated with EDX analysis at the nugget region revealed the presence of 
randomly distributed fragmented particles, as displayed in Figure 4.19. The microanalysis 
also confirmed that the chemical composition of the detected particles was Al(CuMg) and 
Al(CuFeMn), which is similar to that observed at parent alloy and the HAZ.
 
 
Figures 4.20, 4.21 and 4.22 show XRD diffractgrams of various weldment regions. The 
diffractgrams show that the peaks along the various weldment regions were similar, 
revealing presence of S-phase (Al2CuMg), which is in agreement with other authors 
observations(169). 
 
4.7. Hardening precipitate 
TEM micrograph of the parent alloy is displayed in Figure 4.23, revealing relatively 
uniform distribution of circular and rod-shape particles within the matrix. The length of 
rod-shape particles is approximately 250 nm. High angle annular dark field (HAADF) 
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TEM micrograph and EDX analysis revealed that the particles are rich in copper and 
manganese (Figure 4.24).  
 
TEM micrograph of the HAZ is illustrated in Figure 4.25, showing uniformly distributed 
rode-shape particles. The population of particles is higher than that observed in the parent 
alloy. The length of the particles is approximately 200 nm. Precipitation of particles at the 
grain boundaries is evident, EDX analysis revealed that the precipitates are rich in copper 
and magnesium. High angle annular dark field micrograph and EDX shows that the 
particles were rich in copper and manganese (Figure 4.26). Figure 4.27 TEM 
micrographs of the TMAZ, revealing rod-shape particles in length of about 200 nm. The 
population of the particles seems to be smaller than that in the HAZ. It is also evident that 
the grain boundaries were relatively free from precipitation. HAADF micrograph and 
EDX analysis revealed that the particles are rich in copper and manganese (Figure 4.28). 
 
4.8. Discussion  
4.8.1. Microstructure modification  
It is evident that the temperature plays a key role in the microstructure modification of 
the various weldment regions. Mahoney et al.(60) determined the temperature distribution 
along the weldment as a function of the distance from the welding line, as well as the 
thickness of workpiece. They pointed out the existence of three temperature zones: i) the 
centre of the weldement with temperatures above 475°C but lower than melting 
temperature (Tm); ii) the edge of the weldement with maximum temperature of 475°C, 
and iii) region with low temperature and far away from the welding line. Regarding the 
influence of the thickness of the workpiece, Mahoney(88) also confirmed that the grain 
size at the top surface is larger than those located at the bottom surface, thus the variation 
in temperature along the weldment has significant effect on the microstructure 
characterisation across the weldment following the FSW process. 
 
It is also reported that the temperature profile along TMAZ cross section takes the form 
of ‘V’(59), with the maximum temperature being recorded at top surface, and reduced 
towards the bottom surface. The decreasing in temperature was attributed to the presence 
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of the backing plate. Nevertheless, the variation in temperature along the cross section 
has significant effect on the resultant modified grain size within the TMAZ(59). 
 
Parent alloy is the region, which was not affected by the welding process, and represents 
the original alloy microstructure. In this regard, its microstructure is characterised by 
coarse and elongated grains of dimensions to about 250 µm, as a result of the original 
alloy fabrication process (rolling in this case), as well as the subsequent heat treatment 
imposed during the fabrication (T3), which leads to precipitation of second phase 
particles within the matrix rather than within the grain boundaries. 
 
The HAZ is the region of the weldment, which is affected by the heat generation during 
the process, and located between the parent alloy and the TMAZ. Microscopy 
examination of the HAZ revealed that the grain size is similar to that of parent alloy, 
suggesting that the welding process did not promote any recrystallisation or causing grain 
coarsening within the HAZ. On the other hand, the FSW process parameters were 
sufficient to precipitate second phase particles and dissolve the hardening precipitates 
within the HAZ, leading to reduce the hardness at this region compared to that recorded 
on parent alloy(170). 
 
According to Braun(136), softening of the HAZ was related to the temperature peak and 
low cooling rate, which promoted the precipitation of the second phase particles at the 
grain boundaries. According to Braun, the reduction in hardness was also related to a 
reduction of the dislocation density at the HAZ during FSW as a result of recovery. 
 
 Schnider et al.(171) investigated friction stir welded AA2195 aluminium alloy. They 
suggested that the maximum temperature within weldement was about 450°C, is 
sufficient to promote precipitation and softening the HAZ.  
  
The TMAZ is the region affected by high heat generation and deformation. It is located at 
the joint centre. This region can be divided into two regions in term of microstructure, the 
edge region and the centre region (nugget region). The edge region is featured with 
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heavily deformed and elongated grains. The grains become perpendicular to the welding 
direction. The further elongated grains at TMAZ edge compared to the parent alloy are 
introduced as result of the mechanical deformation. Further, the temperature profile in 
this region is not sufficient to promote a recrystallization process. 
 
Regarding the centre region of the TMAZ, the combination of mechanical deformation 
and high heat generation (up to 0.8 of Tm)(60) promoted a dynamic recrystallisation 
process, leading to the formation of equiaxed fine grain microstructure(51,70,83,84,172), 
named as nugget region. It should be mentioned that the formation of the grains during 
the dynamic recrystallisation is referred to a `‘continuous’ rather than ‘discontinuous’ 
process, since a discontinuous process requires migration of gross grain boundaries(89). 
Jata(89) postulated that the grain boundary sliding is unlikely occurred during FSW, since 
it is associated with the material, which occurs at high strength rates. Such a phenomenon 
does not seem to be occurred in FSW. 
 
Leal et al.(70) found that the microstructure of friction stir welded AA2024-T3 alloy was 
featured with fine grains at the centre of the TMAZ, due to dynamic recrystallization, 
while TMAZ edge zone exhibited large plastic deformation. Lippold(84) reported that the 
nugget region is featured with equiaxed fine grain, and represents the stir zone, i.e. the 
area where the rotating pin passes along both workpieces surfaces. In contrast, the TMAZ 
edge does not undergo recrystallisation, since the temperature was not high enough to 
promote dynamic recrystallisation.  
 
The hardness at the nugget region is relatively high compared to the value recorded 
within the HAZ, and is similar to that recorded within the parent alloy. This is attributed 
to both the fragmentation of constituent particles, and the much finer microstructure in 
term of grain size. Further, high rotation speed or/and high tool travelling speed tend to 
increase temperature, therefore, speed up dissolution of precipitates at the nugget region 
during FSW(136).  
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EDX and XRD revealed the existence of three different precipitates: i) Al2CuMg phase, 
which was relatively spherical shaped and with dimensions, ii) AlCuMgFe phase in 
regular shape and iii) rod shaped dispersoid of 250 nm which composition AlCuMn. 
 
Prior to FSW, the alloy in the form of plate was artificially aged to achieve the temper T-
351. The aged alloy is featured with precipitation of hardening particles within the matrix 
rather than the grain boundaries. These particles were formed, when the solute atoms 
leaved the solid solution phase to form intermetallic precipitates(155,173). 
 
4.8.2. Residual stress 
In general, the welding processes generate residual stress along the weldment. The 
generation of such stress is attributed to the heating and cooling sequences, respectively. 
Further, stress is generated by FSW due to the tool rotation effect. It is suggested stress 
mode is influenced by the welding parameters(43).  
 
The stress measurements along the weldment showed that the stress magnitude was 
higher at the X – direction (transverse direction), with the maximum value being recorded 
at the HAZ. This is consistent with Staron et al.(65) findings. Further, Nandan et al.(43) 
reported that the maximum temperature is recorded at the shoulder edge, suggesting, 
therefore, introducing maximum residual stress beyond the edge. They also suggested 
that the stirring action at the nugget tends to reduce the stress  
 
Zahedul et al.(67) reported that the maximum residual stress value in the welding direction 
was close to the yield strength. They also found that the transverse stress value was less 
than that in the welding direction. Satron et al.(65) revealed that the stress in the welding 
direction is associated with the tensile mode, and the maximum stress was recorded 
within the HAZ, while the minimum was recorded within the nuggets zone.  
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Figure 4.1. Optical image of the weldement surface after etching in a 
20g/l NaOH and 50g/l NaF solution for 4 min. 
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Figure 4.2. Optical image of the cross section of the weldment after etching in a of 20 g/l 
NaOH and 50g/l NaF solution for 4 min. 
 
 
 
 
 
 
 
 
 
 
12 mm 
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Figure 4.3. Microhardness at the top surface of the friction stir 
welded alloy. 
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Figure 4.4. Optical micrographs of the parent alloy: a ) top surface and b) cross section. 
 
 
   
 
Figure 4.5. SEM micrographs of the parent alloy: a) top surface and b)increased 
magnification. 
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Figure 4.6 a) EBSD map taken from top surface of parent alloy and b- d) pole figures 
determined from the EBSD map 
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Figure 4.7. a) EBSD map taken from the cross section of parent alloy and b-d) pole 
figures determined from the EBSD map. 
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Figure 4.8. Optical micrographs of the heat affected zone (HAZ): a) top surface and b) 
cross section. 
 
 
 
   
 
Figure 4.9. SEM micrographs taken from the heat affected zone (HAZ): a) top surface and 
b) increased magnification. 
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Figure 4.10. a) EBSD map taken from the top surface of the heat affected zone and b-d) 
pole figures determined from the EBSD map. 
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Figure 4.11. a) EBSD map taken from the cross section of the heat affected zone and b-d) 
pole figures determined from the EBSD map. 
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Figure 4.12. Optical micrographs of the thermomechanical affected zone (TMAZ) at top 
surface: a) nugget and b) TMAZ edge. 
 
 
   
 
Figure 4.13. SEM micrographs of nugget region and b) TMAZ edge. 
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Figure 4.14. a) EBSD map taken from the top surface of the nugget and b-d) pole figures 
determined from the EBSD map. 
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Figure 4.15. EBSD map taken from the cross section of the nugget at a) top side; b) 
bottom side and c-e) pole figures determined from the EBSD map. 
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Figure 4.16. a) EBSD map taken from the cross section of the thermomechanical affected 
zone (TMAZ) and b-d) pole figures determined from the EBSD map. 
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Figure 4.17. EDX analysis of the parent alloy. 
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Spectrum Mg Al Mn Fe Cu 
      
Spectrum 1 - 59.61 5.92 9.08 25.82 
Spectrum 2 0.71 52.24 3.96 8.06 35.04 
Spectrum 3 1.67 83.89 1.57 1.38 11.50 
Spectrum 4 1.47 89.81 - 1.37 7.59 
Spectrum 5 1.29 91.90 1.35 0.66 4.80 
Spectrum 6 2.19 90.60 0.35 1.08 5.79 
 
All results in weight% 
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                                             All results in weight% 
 
Figure 4.18. EDX analysis of the heat affected zone (HAZ) at the top surface. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Spectrum Mg Al Mn Fe Cu 
Spectrum 1 0.93 63.63 2.30 6.90 26.24 
Spectrum 2 14.30 46.05 0.21 0.15 39.28 
Spectrum 3 0.68 60.57 2.40 7.45 28.90 
Spectrum 4 5.90 75.45 0.13 0.16 18.36 
Spectrum 5 1.44 89.39 1.79 2.15 5.22 
Spectrum 6 1.92 92.70 0.33 0.05 4.99 
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Figure 4.19. EDX analysis of the thermomechanical affected zone (TMAZ). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Spectrum Mg Al Si Mn Fe Cu 
Spectrum 1 2.23 77.33  1.22  19.23 
Spectrum 2 1.11 70.02 0.96 4.78 9.56 13.56 
Spectrum 3 1.83 86.56    11.61 
Spectrum 4 1.37 84.50    3.91 
Spectrum 5 2.05 83.29  0.86 0.30 13.49 
All results in weight% 
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Figure 4.20. XRD diffractogram of parent alloy. 
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Figure 4.21. XRD diffractogram of heat affected zone (HAZ). 
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Figure 4.22. XRD diffractogram of thermomechanical affected zone (TMAZ). 
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Figure 4.23. TEM micrograph of thin foil obtained by electropolishing for parent alloy. 
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Figure 4.24. a) HAADF-TEM micrograph of the parent alloy and b) EDX analysis. 
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Figure 4.25. TEM micrographs of thin foil obtained by electropolishing for heat affected 
zone (HAZ). 
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Figure 4.26. a) HAADF-TEM micrograph of the heat affected zone (HAZ) and b-e) EDX 
analysis. 
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Figure 4.27. TEM micrographs of thin foil obtained by electropolishing for the 
thermomechanical affected zone (TMAZ). 
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Figure 4.28. a-b) HAADF -TEM micrograph of the thermomechanical affected zone 
(TMAZ) and c-f) EDX analysis. 
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Table 4.1. Residual stress along the weldment (mechanically polished surface)  
 
Tested point              X- direction                     Y-direction 
1 -191.3 -40.5 
2 -207.9 -36.2 
3 -205.2 -33.3 
4 -187.8 -30.0 
5 -184.8 -21.9 
6 -185.0 -23.6 
7 -202.6 -47.5 
 
 
Table 4.2. Residual stress along the weldment (caustic etched surface). 
 
Tested point              X- direction                     Y-direction 
1 -14.4 25.6 
2 -16.2 6.1 
3 -6.7 -8.3 
4 -32.2 -6.3 
5 -34.6 -34.4 
6 -8.8 -25.6 
7 11.6 -3.2 
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Schematic indicating locations of residual stress measurements. 
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CHAPTER 5 
 
CORROSION BAHAVIOUR OF FRICTION STIR WELDED AA2024 
ALUMINIUM ALLOY 
 
5.1. Introduction  
This chapter discusses the effect of friction stir welding on the corrosion behaviour of 
AA2024-T351 aluminium alloy. Agar-gel testing, immersion testing and electrochemical 
measurements were used to assess the corrosion behaviour of the welds. Further, optical 
and electron microscopes were employed to examine the welds after corrosion testing. 
 
5.2. Agar gel testing 
Agar-gel testing was used to detect the variation in the pH along the weldment, therefore, 
to determine the regions where the cathodic or anodic reaction occurs. Figure 5.1 shows 
colour change in the gel after two hours from the commencement of the testing. The gel 
colour at the HAZ became orange, appearing as bands of about 4 mm width. In contrast, 
the gel at both parent alloy and the TMAZ regions gained bluish violet colour. According 
to the universal indicator, the gel at the HAZ revealed a low pH value of about 3, while 
the gel within the other regions showed a relatively high pH value of about 10. Therefore, 
based on the electrochemical theory, the low pH value represents anodic region, while the 
high pH value represents cathodic region(174). Thus, it is suggested that the HAZ acted as 
anode, with the parent alloy and the TMAZ being the cathode. This suggests that the 
HAZ has relatively low corrosion resistance compared to the TMAZ and parent alloy. 
 
5.3. Immersion testing 
Immersion testing was performed according to ASTM G34-01 Standard Test Method for 
Exfoliation Corrosion Susceptibility in 2xxx and 7xxx Series Aluminium Alloys (EXCO 
Test). Different immersion times, i.e. 30 minutes, 1, 2 and 8 h were employed. Prior to 
testing, mechanical polishing was used to remove the surface roughness and 
contamination. 
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Optical images of the tested specimens revealed that corrosion initiated in the regions just 
outside the TMAZ, i.e. within the HAZ, as shown in Figure 5.2. For longer immersion 
times (1 and 2 h), corrosion developed significantly within the regions, as shown in 
Figure 5.2 (b-c).  
 
SEM micrographs of top surface and cross-section of the weldment after immersion in 
EXCO solution for 30 minutes are displayed in Figure 5.3. The observation showed that 
severe corroded bands immediately out side the TMAZ (i.e. within the HAZ) of about 6 
mm from welding line, the width of the corroded bands was about 1.0 mm. Further, the 
examination at the cross-section showed that the preferential corrosion at the HAZ had 
expanded into the bulk alloy to a depth of about 100 µm. 
 
Furthermore, SEM micrographs of the weldment after immersion in the EXCO solution 
for 8 h, are displayed in Figure 5.4. The examination at the top surface revealed that the 
width of corroded band has increased to about 2 mm. Little development of corrosion is 
observed within the parent alloy. In contrast, a huge number of pits are present within the 
TMAZ. The examination on the cross-section revealed severe localized corrosion, which 
has extended from both the top and bottom surfaces into the bulk alloy, particularly at the 
area located just outside the TMAZ, extending into the HAZ, as shown in Figure 5.4 (b). 
Increased SEM magnification on the corrosion front revealed that the corrosion is 
intergranular, as shown in Figure 5.4 (c). The low corrosion resistance of the HAZ is 
attributed to the presence of a network of copper and magnesium rich particles at the 
grain boundaries as a result of the FSW process, leading to establish of local 
microgalvanic action, resulting in intergranular corrosion. Thus, the modified HAZ 
microstructure reduced its resistance to localized corrosion. 
 
Figure 5.5 shows SEM micrographs taken from top surface of the parent alloy after 
various immersion times. The specimens exhibited slight pitting corrosion after 1 h of 
immersion. Further, cross section examination of the specimen after 1 h immersion 
showed a little penetration of corrosion into bulk alloy, suggesting that the parent alloy 
has relatively good corrosion resistance. 
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SEM micrographs of the HAZ after 30 min of immersion are illustrated in Figure 5.6. 
The examination revealed localised corrosion at the top surface. At cross section, the 
extension of intergranular corrosion into the bulk alloy to a depth of about 70 µm is 
evident. After 1 and 2 hours of immersion, the corrosion extended into bulk alloy to a 
depth of about 200 µm, as shown in Figures 5.6 (c-f). However, after 2 hours of 
immersion, separation of non-corroded layers from the bulk alloy at HAZ is evident, the 
separation of non-corroded layers is termed as “exfoliation corrosion”(104)
.
 The separation 
of non-corroded layers was attributed to the volume effect of the corrosion product 
underneath the surface that press the non-corroded layers upward(104,111), resulting the 
reduction in the HAZ thickness compared to adjacent regions. On the other hand, the pits 
at the surface are usually considered as initiation sites for intergranular corrosion(175). 
 
SEM examination of the TMAZ revealed that the pits were randomly distributed at the 
surface, as shown in Figures 5.7. Nevertheless, the pits size increased for longer 
immersion times. Additionally, cross section examination confirmed that the corrosion 
propagation into the bulk alloy is less severe than that observed at the HAZ. The 
macropits are considered as stable pits, while the small pits as metastable pits(127,128,129). 
The macro pit size may approach 30 µm. Figure 5.8 displays microanalysis of the HAZ 
cross section after immersion for 1 h. The oxygen, copper and magnesium at test points 
are evident, indicating that the corrosion took place at the second phase particles.  
 
5.4. Electrochemical measurements 
5.4.1. Open circuit potential (OCP) 
The OCP recorded on the various regions of as-welded specimen is presented in Figure 
5.9. The OCP response of the parent alloy showed high degree of oscillation, particularly 
during the initial period. The oscillation is associated with the initiation and repassivation 
of metastable pits(176). After about 10 min, the OCP achieved a relatively stable value at 
approximately -550 mV. Such value is more positive than that revealed on other regions. 
 
 112 
Oscillations were also observed on the OCP response of the HAZ, which finally achieved 
a stable potential of -620 mV. Finally, the OCP of both TMAZ edge and nuggets were 
close to that of the HAZ. Similar results had been reported by Wadeson(42).  
 
5.4.2. Anodic polarisation 
The anodic polarisation curves of the various weldment regions are displayed in Figure 
5.10. All the curves exhibited an anodic passive region, which is featured by an increase 
of potential with relatively constant current density. This passive region started from Ecorr 
and extended to about 150 – 200 mV above Ecorr for all the weldment regions. Further, 
following the passive region, pitting potential (Epit) is evident, which is defined by a 
sudden increase in the current density. This pitting potential is attributed to the 
breakdown of the passive film and generation of pits, which normally occurs at adjacent 
of constituent particles. 
 
Table 5.1 comprises the main electrochemical parameters determined from the anodic 
polarisation curves. It is evident that both Ecorr and Epit of the parent alloy were more 
positive than other regions, by about 50 mV, which is in agreement with the OCP 
measurements. On the other hand, both the corrosion current (icorr), and the passivation 
current densities (ipass) recorded for the HAZ were higher than that recorded within the 
parent alloy and TMAZ (by about two orders of magnitude), indicating that the HAZ 
presented more anodic activity compared to the other regions.  
 
5.5. Discussion 
Agar-gel testing revealed that the HAZ was featured with acidic pH compared to the 
parent alloy and the TMAZ, suggesting that the HAZ was more reactive and acted as 
anode with regard to the adjacent regions. This variation of the surface reactivity was 
attributed to the modified microstructures along the weldment due to the effect of FSW 
process, which increased the reactivity of the HAZ compared to the other region as a 
result of the precipitation of second phase particles at the grain boundaries. Thus, in the 
presence of cathodic intermetallic precipitates within the adjacent regions, the anodic 
aluminium dissolution in the HAZ takes place as follows: 
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Al                 Al3+ + 3e- 
H2O + Al3+                      Al(OH)3 + 3H+ 
 
According to the electrochemical theory, the generation of the hydrogen ions, resulting an 
increase of the acidity of the media (by reducing the pH value). On the other hand, 
Paurbaiux diagram explained that aluminium has experienced general corrosion at pH 
value less than 4, thus, it is concluded that the HAZ has corroded preferentially compared 
to other weldment regions.  
 
Further, in other weldment regions (parent alloy and TMAZ), the oxygen reduction 
reaction takes place as follows: 
 
O2 + 2H2O + 4e-               4 OH- 
 
The generation of the hydroxile ions (OH-) leads to increase the pH value, to the base 
side.  
 
Further, immersion testing in EXCO solution demonstrated the difference in corrosion 
susceptibilities across the weldment. The HAZ again showed severe corrosion compared 
to both the parent alloy and the TMAZ. Initially, corrosion took form of pitting at short 
immersion times. The pitting initiation was attributed to the galvanic effect between the 
constituent particles and surrounding matrix. The pitting initiation mechanism normally 
involves film breakdown followed by adsorption or repassivation(134). Once pit is 
initiated, it can be repassivated or continues growing by further dissolution, then 
becoming a macropit. 
 
The parent alloy showed a relatively better corrosion resistance that was attributed to the 
fabrication treatment (T3), which promoted distribution of the precipitates within the 
matrix rather than grain boundaries, preventing grain boundaries sensitisation. 
Conversely, the corrosion behaviour of HAZ is associated to the FSW, which promote 
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change in the microstructure (introducing of second phase particles at grain boundaries in 
the HAZ, severe deformed grains at TMAZ edge and generation of equiaxed fine grains 
at nugget). This leads to change in the corrosion susceptibility compared to the parent 
alloy (original alloy). 
 
Further, for prolong immersion times, SEM cross-sectional examination revealed that 
corrosion attack at the HAZ progressed in the form of intergranular corrosion (IGC) and 
extended into the bulk alloy. This is consistent with the presence of a network of second 
phase particles at the grain boundaries that established micro galvanic cell with respect to 
the adjacent region. The preferential precipitation at grain boundaries is attributed to heat 
generation followed by slow cooling during FSW, which favours nucleation and growth 
of particles at grains boundaries, as previously explained in Chapter 4(3,74). EDX 
microanalysis after immersion testing confirmed the presence of oxygen and chloride in 
addition of copper and magnesium at grain boundaries, indicating that the corrosion takes 
place at the grain boundaries, by establishment of microgalvanic cells with the adjacent 
matrix . S. Sánchez-Majadoet et al.(131) reported that for AA2024 alloy, the second phase 
particles precipitated at the HAZ were predominantly S-phase (Al2CuMg), which acted as 
anodic with respect to the matrix and also cathodic Al(Cu,Fe,Mn) precipitates. 
Additionally, D. Wadeson (42) reported that the main alloying elements detected within 
the boundaries were copper and magnesium, suggesting the presence of S-phase. 
Conversely, within the TMAZ, FSW process tends to fragment the coarse particles(174), 
reducing both pitting and intergranular corrosion susceptibilities of the TMAZ compared 
with the HAZ. In general, the corrosion behaviour is highly dependent on the process 
parameters(176). 
 
Finally, for the prolong immersion testing, exfoliation of non-corroded layers was 
observed at HAZ, as a result of volumetric effect of underneath corrosion product, which 
pushed the non-corroded layers upward, leading to separate them from the bulk alloy. 
Guillaumin et al.(177) reported that exfoliation corrosion in the 2024-T351 alloy took place 
by dissolution of both the adjacent matrix (which presented depletion in copper) and 
partially the S-phase at grain boundaries. They also found that the selective corrosion of 
 115 
those regions was related to their lower copper content, acting as anodes with respect to 
the copper-rich areas. 
 
Both OCP and anodic polarisation measurements confirmed the difference in 
electrochemical behaviour across the weldment. OCP measurements revealed that the 
parent alloy has more positive potential compared to both the HAZ and the TMAZ, 
indicating that the parent alloy is nobler region. 
 
The different behaviour may be explained in terms of distribution and size of second 
phases, as a result of the FSW process. The pitting potential for AA2024-T351 alloy is 
driven by the potential difference between the constituent particles and the copper-free 
zones adjacent to the particles (microgalvanic coupling)(130,131,174,178). Thus, the parent 
alloy, which was treated by artificial aging process, presented precipitation of second 
phase particles predominantly within the matrix. In contrast, FSW promotes precipitation 
of second phases at the grain boundaries at the HAZ, thus, reducing its intergranular 
corrosion resistance. However, regarding the TMAZ, FSW also fragmented the second 
phase particles into smaller ones, although it does not reduce its corrosion resistance. 
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Figure 5.1.optical image of the top surface of FSW AA2024-T351 aluminium alloy after 
agar-gel testing for 2 h. 
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Figure 5.2. Optical images of FSW AA2024-T351 aluminium alloy after immersion in 
EXCO solution for: a-b) 30 min; c-d) 1 h and e-f) 2 h. 
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Figure 5.3. SEM micrographs of the weldment after immersion in the EXCO solution for 
30 minutes: a) top surface and b) cross-section. 
 
   
 
 
 
Figure 5.4. SEM micrographs of the weldment after immersion in the EXCO solution for 
8h: a) top surface; b) cross section and c) high magnification of the area indicated by the 
frame in (b). 
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Figure 5.5. SEM micrographs of the top surface of parent alloy after immersion for: a) 30 
min, b) 1h; c) 2h and d) the cross section after 1 h of immersion. 
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Figure 5.6. SEM micrographs of the HAZ after immersion in EXCO solution for: a-b) 30 
minutes, c-d) 1 h and e-f) 2 h. 
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Figure 5.7. SEM micrographs of the TMAZ after immersion in EXCO solution for: a-b) 
30 minutes, c-d) 1 h and e) 2 h. 
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Figure 5.8. SEM micrograph of the cross section of the HAZ after immersion in EXCO 
solution for1 h and EDX spectra. 
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Figure 5.9. OCP of the various weldment regions in 0.1 M NaCl solution. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 124 
 
 
 
 
1E-111E-101E-9 1E-8 1E-7 1E-6 1E-5 1E-4 1E-3 0.01 0.1 1
-0.9
-0.8
-0.7
-0.6
-0.5
-0.4
 
 
 TMAZ
 HAZ
 Parent alloy
E,
 
m
V 
(S
CE
)
icorr (A/cm2)
 
Figure 5.10. Anodic polarization of the various weldment regions in 0.1 M NaCl solution. 
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Table 5.1. Electrochemical parameters determined from the anodic 
polarisation curves displayed in Figure 5.10. 
 
Weldment 
region Ecorr (mV) Epit (mV) 
icorr 
(A/cm2) 
ipass 
(A/cm2) 
Passivation 
Range (mV) 
TMAZ -730 -570 3.8E-8 6.2E-7 160 
HAZ -810 -610 7.2E-6 7.0E-5 200 
Parent alloy -810 -610 3.9E-8 8.3E-7 200 
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CHAPTER 6 
 
LASER SURFACE TREATMENT FOR FSW AA2024-T351 ALUMINIUM 
ALLOY 
 
6.1. Introduction 
This chapter considers the influence of laser surface melting (LSM) treatment on the 
microstructure and corrosion behaviour of friction stir welded AA2024-T351 aluminium 
alloy. LSM was applied on the top surface of the weldment in a width of 50 mm (i.e. 25 
mm on each side of the welding line for both sides).  
 
The objective of the LSM treatment is to improve the corrosion resistance of the 
weldment. Excimer laser was selected since it only melts the alloy in depth of  microns 
from the surface. Significantly large volume of the bulk alloy compared to the melted 
layer introduces high temperature gradient, leading to rapid solidification of the melted 
layer. Fast cooling of the melted layer leads to: 1) prevention of the formation of heat 
affected zone underneath the melted layer, 2) creation of a homogeneous microstructure 
compared to the bulk alloy microstructure, and 3) avoidance of the formation of casting 
microstructure(152,153,154,155). In this study, both microstructure and residual stress of the 
LSM-treated surface were assessed by electron microscopy and X-ray diffraction. Agar-
gel testing, immersion testing and electrochemical measurements were selected for the 
investigation of the corrosion behaviour. Microscopy was also utilised to determine the 
corrosion mechanism of the LSM treated weldment. 
 
6.2. Surface appearance 
Figure 6.1 shows an optical image of the top surface of friction stir welded alloy after 
laser surface treatment. An uniform distribution of the laser beam imprint is evident, 
suggesting that the treatment was applied uniformly along the weldment. It is also 
showed that the top surface of the melted layer is brighter compared to the surface of the 
as-welded condition(179) since the surface is relatively rough in the as-welded condition. 
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SEM micrographs of the laser treated surface revealed identical texture at all regions of 
the weldment, which has been considered typical laser surface morphology(180), as shown 
in Figure 6.2. Low magnification micrographs revealed that the surfaces are featured with 
regular ripples. The ripples display homogeneously in rows parallel to the laser beam 
scanning direction. The width of ripples is about 0.7 mm, with each ripple consisting of 
hills and valleys. The formation of the ripples has been attributed to the high 
solidification rate and shrinkage direction of the molten alloy. Further, laser energy level 
has a significant effect on the ripples appearance. The increased magnification 
micrographs show that the surfaces are apparently free from defects, such as porosity and 
microcracks, which can be generated within melted layer due to gaseous arising during 
the process(180). 
 
6.3. Residual stress   
The purpose of the residual stress measurements is to quantify the resulted residual stress 
in the surface/near surface region that introduced by LSM process. The measurements 
were performed in two directions, with the Y - direction representing the longitudinal 
direction (welding direction and laser beam scanning direction) and the X - direction 
representing the transverse direction(64). Various locations in different zones of the 
weldment were selected for the measurements, as illustrated in Figure 6.3.  
 
The residual stress values are presented in Table 6.1. The analysis shows that the surface 
residual stress along the welding direction is higher than that recorded in transverse 
direction. This is attributed to the molten shrinkage during the process. Further, the 
residual stress mode in the transverse direction is mainly compressive, while in the 
longitudinal direction is tensile. The change in the stress mode might be attributed to the 
direction of strain generated due to the solidification following the laser process. The 
maximum reading of 170.6 MPa was recorded at the HAZ. 
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6.4. X – ray diffraction analysis (XRD) 
The objective of the XRD analysis is to evaluate the effect of the LSM treatment on the 
distribution of second phases within the melted layer. The analysis was performed on 
both LSM treated surface and the as-welded alloy.  
 
Figures 6.4, 6.5 and 6.6 show XRD diffractograms of the LSM treated parent alloy, HAZ 
and TMAZ, respectively. The diffractograms are identical, suggesting that the LSM 
process produced a homogeneous melted layer along the weldment. On the other hand, 
XRD diffractograms of the laser treated weld showed the absence of the peaks for second 
phases such Al2CuMg and Al(CuFeMn), which usually present in the XRD 
diffractograms of as-welded specimen. This confirms that the achieved temperature 
during the process was sufficient to dissolve the particles within the melted layer. It is 
also revealed that the intensities of α-aluminium peaks of the various weldment regions 
are similar, indicating that LSM was applied uniformly throughout the weldment(156).  
          
6.5. Microstructure characterisation  
SEM micrographs of the cross sections of melted layer of the various weldment regions 
are shown in Figure 6.7. The presence of the wavy shape (hills and valleys) at the surface 
is evident, which represents the cross sections of the ripples. 
 
The thickness of the melted layer ranges between 3 to 5 µm at various weldment regions. 
The variation in the thickness is attributed to wavy profile of the top surface of the melted 
layer. Porosities within the outer region of the LSM layer are evident. The melted layer is 
free from typical particles, consistent with the data obtained by XRD(41)
. 
EDX Line-scan 
at the cross section of the melted layer of the weldment regions are displayed in Figures 
6.8, 6.9 and 6.10. The analysis shows that the distribution of the alloying elements within 
the matrix is quite similar for both melted layer and underneath bulk alloy. The 
micrograph of the HAZ reveals the presence of continuous network of precipitates at the 
grains boundaries underneath the melted layer, as indicated by arrow in Figure 6.7 (b). 
The precipitation of some particle at the grain boundaries of the nugget is also evident.  
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Furthermore, it is evident that bright continuous bands running parallel to the surface 
within the melted layer and at the bulk alloy/melted layer interface, demonstrating the 
presence of heavy elements along the bands. Additionally, SEM examination also 
revealed the absence of cast melted microstructure features, which is usually obtained at 
low solidification rates, such as dendrite structure. In contrast, the extremely rapid 
solidification rate associated with the excimer laser process prevents both the 
precipitation of second phases particles and the formation of heat affected zone during 
the solidification(41). 
 
HAADF micrograph reveals that the bands have a width of approximately 10 nm, as 
shown in Figure 6.11 (a). The bright bands suggest the presences of heavy alloying 
elements. EDX analysis reveals increased content of copper and magnesium, as shown in 
Figure 6.11 (b-c).  
 
6.6. Agar-gel testing 
Agar-gel testing was used to detect any variation in pH across the weldment. The 
variation in pH reflected the difference in the corrosion susceptibility across the 
weldment regions. After 2 h from the testing commencement, the colour of the agar-gel 
changed uniformly (orange-red) over the weldment (Figure 6.12), indicating that the pH 
value is similar across the weldment, suggesting that the corrosion behaviour was similar 
across the weldment. The pH uniformity was attributed to the introduction of 
homogeneous microstructure within the surface region after LSM treatment(154). 
 
6.7. Immersion testing 
The objective of this testing was to determine the effect of LSM treatment on the 
corrosion behaviour of the weldment regions, and also to compare with the testing data 
obtained on the as-welded alloy (Chapter 5). The testing was carried out by immersion of 
the specimens in the EXCO solution (ASTM G34-01). Figure 6.13 shows general view of 
the tested weldment at different immersion times. The weldment that was immersed for 4 
h was apparently free from corrosion attack. For prolong times (i.e. 6 and 8 h), the 
specimens were stained probably due to corrosion. 
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6.7.1. Parent alloy   
The optical micrographs of the parent alloy after immersion are displayed in Figure 6.14. 
Slight pitting was observed after 6 h of immersion in the testing solution. Severe 
corrosion was evident after longer immersion time of 8 h. Finally, for the alloy followed 
12 h of immersion, the whole surface exhibited severe corrosion. 
 
Further, SEM examination of the specimen after immersion in the testing solution for 6 h 
revealed that the parent alloy was featured with high population of pits, as shown in 
Figure 6.15. SEM examination of the cross section (Figure 6.16) confirmed that the 
corrosion took place at selected locations within the melted layer, with the majority of the 
melted layer appearing to be free from any corrosion attack. This is related to the 
presence of segregation bands with cathodic nature that promote the corrosion attack at 
the selected region, and progresses towards the bulk alloy. Further, the corrosion 
extended parallel to the melted(4). 
 
6.7.2. Heat affected zone  
Optical micrographs of the LSM-treated heat affected zone (HAZ) after various 
immersion times are presented in Figure 6.17. It was noticed that the specimens after 
immersion in the solution for 1 and 2 h did not experience any significant corrosion 
attack. After immersion for 4 h, the specimen started showing evident of pitting 
corrosion. Further, both the size and population of pits increased after immersion for 6 h. 
Significant pitting corrosion is evident after longer immersion times (8 h and 12 h). 
 
SEM examination revealed evident of pitting corrosion on the alloy after immersion for 1 
h, which was not detected by optical microscopy. Pits of various sizes are randomly 
distributed, as shown in Figure 6.18. Nevertheless, in comparison with the as-welded 
alloy that exhibited pitting and intergranular corrosion, the short term testing indicates 
that LSM treatment improved the corrosion resistance of the weldment. However, the 
specimen after immersion for 6 h showed an increase in population of pits, as shown in 
Figure 6.19. Further, the pits were clearly covered with corrosion products. 
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As showed for the parent alloy, SEM micrograph at cross section of the specimen after 
immersion for 2 h revealed that the corrosion takes place within selected locations and 
underlaying the melted layer, while the laser layer was free from any corrosion attack 
(Figure 6.20). Again corrosion progresses selectively parallel to the laser melted surface 
at the bulk alloy/melted layer interface. Further, the corrosion attack became more severe 
for the specimens that immersed for longer periods. Figure 6.21 showed that corrosion 
expanded predominantly towards the bulk alloy after 8 h of immersion, where the 
corrosion took place in form of intergranular corrosion, the examination also revealed 
that the laser melted layer was separated from the bulk alloy, due to the effect of the 
volumetric corrosion product underneath the melted layer. 
 
6.7.3. Thermomechanical affected zone  
Figure 6.22 displayed the optical micrographs of the TMAZ after various immersion 
times. As observed for the HAZ, the specimens after 1, 2 and 4 h of immersion show 
little corrosion attack. After immersion for 6 h, the specimen showed corrosion in the 
form of pitting attack on the surface. Further, the pits population increased for the 
specimen after immersion for 8 h. After immersion for 12 h, the whole surface of the 
specimen was covered by corrosion product.  
 
SEM micrograph illustrated minor micropitting at the TMAZ after immersion for 1 h, as 
shown in Figure 6.23. Moreover, the pit population was less than that within the HAZ. 
Nevertheless, for longer immersion times (i.e. 6 h), the specimen was featured with more 
pits on the surface (Figure 6.24).   
 
Cross sectional examination after immersion for 2 h and 6 h are displayed in Figure 6.25. 
The specimen after 2 h immersion in the EXCO solution did not show corrosion attack, 
indicating that the LSM improved the corrosion performance compared to the as-welded 
alloy for the same immersion times. However, after immersion for 6 h, the specimen 
suffered from corrosion in the form of intergranular attack within the bulk alloy, while 
the majority of the melted layer was predominately free from any corrosion damage, as 
illustrated in Figure 6.26.  
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6.8. Electrochemical measurements 
6.8.1. Open circuit potential (OCP)  
The obtained OCP are displayed in Figure 6.27. The curves are relatively smooth 
compared to that of the as-welded alloy (Chapter 5). The low degree of oscillation was 
attributed to absence of second phase precipitates in the melted layer(145). 
 
In general, the OCP potential between the weldment regions after laser treatment are 
closed compared to recorded on the as-welded specimen (Chapter 5), indicating the laser 
treatment produce similar microstructure along the weldment, However, the slightly 
highest potential was recorded within the parent alloy compared to other weldment 
regions, indicating the parent alloy probably has better corrosion resistance compared to 
the regions. The OCP potential for parent alloy initially increased to achieve the 
stabilization, approximately at -550 mV after 40 minutes after the measurements 
commencement, which is more positive than the potentials of other regions. 
 
Initially, the OCP of the HAZ increases gradually to achieve the stable state. TMAZ 
region revealed stable potential after 25 minutes from the test commencement, at a value 
of about -600 mV. The potential of the nugget increased sharply to the stabilization state 
at about -600 mV after 10 minutes from the immersion.   
 
6.8.2. Anodic polarization 
Figure 6.28 displays the anodic polarization curves of the different weldment regions. In 
general, no pronounced different between the curves is observed. Table 6.2 summarizes 
the values of corrosion potential, corrosion current density, passivation potential and 
pitting potential obtained from the polarization curves. The polarization curves of the 
various weldment regions after laser treatment showed a significant change in 
polarization parameters compared to that obtained on the as welded alloy (Chapter 5). 
 
All the polarization curves exhibited rapid increase in current density, following 
transition from cathodic to anodic side, till the current density (ipassive) achieved a constant 
value with increase in the potential. The current densities for all weldment regions are 
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quite close and in the range of E-8 to E-9, which is considered very low compared to the 
as welded alloy (up to E-5 to E-7) (chapter 5), suggesting that the laser treatment reduced 
the corrosion susceptibility of the weldment.  
 
All the weldment regions exhibited similar passive region, which is characteristic with 
relatively constant current density with increase of the potential till the breakdown 
potential. The curves exhibited prolong passive region compared to that on the as welded 
specimens (up to 301 mV and up to 200 mV to the as welded specimen), suggesting that 
the anodic reactivity was reduced by the laser treatment. The formation of the passive 
region is attributed to the formation of the passive film. 
 
The anodic curves shows a shift in the breakdown potential towards positive after laser 
treatment compared to the as-welded alloy, indicating an improvement in the pitting 
corrosion resistance. The pitting corrosion usually originates as a result of the 
microgalvanic effect of the constituent particles. Laser treatment usually leads to 
elimination of the constituent particles within the melted layer, resulting an increase of 
the breakdown potential. On the other hand, the parent alloy, the curves exhibited quite 
comparable breakdown potential.  
 
6.9. Discussion  
6.9.1. Residual stress 
The residual stress values within the melted layer are higher than that recorded in the as-
welded alloy. The increase in stress is attributed to strain generated as a result of fast 
solidification of the melted layer, with considerable amount of shrinkage. The stress 
mode is mainly compressive in X - direction (transverse direction) and tensile in Y - 
direction. The stress mode is referred to large shrinkage during the solidification. The 
shrinkage of the molten layer away from laser track direction generated a tensile stress 
along the welding line (i.e. track direction) and compressive stress in the transverse 
direction. The stress analysis shows that the HAZ exhibited maximum recorded stress. 
This was also observed by Wadeson(42),who reported that the increase of the stress at this 
zone is related to the increase in the dislocation density. 
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6.9.2. Microstructure characterisation 
LSM treatment is a well-recognised and developed technique employed with the aim to 
generate homogeneous microstructure along the weldment, i.e. largely free of constituent 
particles, leading to improvement of corrosion resistance compared to non-treated 
surface. In this study, the results show that the surface morphology was identical along 
the weldment, suggesting that the excimer LSM process produced uniform 
microstructures. Further, it was evident that the presence of ripples at the top surface of 
the treated specimens. The ripples were formed as a result of the flowing of the molten 
away from incident laser due to the effect of temperature gradient, producing a wavy 
surface morphology(181). Ryen et al.(149) reported that the ripples are formed due to the 
effect of vaporization during the process. Other authors(179,182) reported that the ripples 
appearance is controlled by surface tension and convection phenomenon. Furthermore, 
the ripples shape is usually controlled by process parameters, i.e. cooling rate and laser  
energy(181).Viejo et al.(181) pointed out that the increasing of the laser pulses increases the 
surface roughening. 
 
The investigation also revealed that melted layer has modified microstructure, resulting in 
a homogeneous layer along the weldment. The introducing of such microstructure is 
attributed to the fast solidification of the molten, while the massive bulk alloy acts as 
large heat sink. Ryan et al.(149) reported that the huge size of the bulk alloy, compared to 
the melted layer, acts as a heat sink, leading to rapid solidification.  
 
The melted layer is free of the constituent particles compared to underneath bulk alloy. 
The absence of those particles was attributed to the rapid solidification, which tends to 
keep the alloying elements in solid solution, and prevents the formation of the constituent 
particles(41). Furthermore, the application of excimer laser seemed to be sufficient to 
dissolve the intermetallic particles within the LSM for all weldment regions. Similar 
observations were reported by Ryan et al.(149), who observed that microstructure of laser 
surface melted layer over the FSW weld zones for the AA2024 alloy is quite similar. 
They also reported that LSM treatment tends to produce a chemically homogeneous 
surface, although the same non-melted particles still remained within the melted layer. 
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Viejo et al.(181) pointed out that LSM treatment produced a melted layer with low volume 
fraction of intermetallic precipitation compared with the underlaying alloy, where the 
remained volume friction of intermetallic compound is depended on the laser pulse. They 
also reported that pulsing of 10 Jcm-2 is insufficient to complete intermetallic dissolution. 
 
On the other hand, the microstructure of melted layer introduced by excimer was not 
characterised by the formation of casting features (e.g. HAZ and dendrite structure), 
which have been reported as using other lasers, such as CO2 laser(155,153). The absence of 
such casting features was attributed to the extremely fast solidification rate of the melted 
layer during the LSM process using excimer laser.
 
 
The presence of the porosities on the cross section of the melted layer is attributed to the 
gases or hydrogen arises during the process. The process parameters also have an 
essential effect on the formation of such defects. It was reported that the using of excimer 
laser of 10 Jcm-2 is sufficient to generate porosities within the melted layer(182). 
 
TEM micrograph revealed the presence of segregation bands within the melted layer, and 
at the matrix/melted layer interface. HAADF in conjunction to EDX shows that the band 
is rich in copper and magnesium. The formation of such band is attributed to the 
dissolution of constituent particles within the melted layer, and the rapid solidification 
during the process. The LSM process was too short for the alloying elements to 
dispersive, thus, leading to segregation, particularly at the bulk alloy/LSM interface.  
 
Viejo et al.(181) reported that the formation of the segregation band of the solute elements 
within the melted layer or at bulk alloy/melted layer interface is attributed to the particles 
that had melted within the LSM layer, the fast cooling delays the alloying elements to 
form constituent particles, leading to segregation bands. 
 
6.9.3. Corrosion behaviour  
The agar-gel testing revealed that the pH values are similar in the various regions of the 
weldment, indicating that the corrosion tendency was relatively similar along the treated 
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surface. In comparison with the as-welded alloy, the similarity in corrosion resistance 
along the weldment is attributed to the laser treatment which produced a homogeneous 
microstructure within the near surface region along the weldment.  
 
The microscopy investigation on specimens after immersion showed an improvement in 
corrosion resistance of the weldment after LSM in comparison with the as-welded alloy. 
The observations showed that the LSM treatment minimized the corrosion for short 
immersion times, suggesting that LSM treatment reduces the effect of the FSW process 
on corrosion susceptibility, by producing a homogeneous microstructure along the 
weldment surface. In contrast, the examination on specimens after longer immersion 
confirmed that the corrosion protection from LSM treatment failed dramatically, such 
treatment was not sufficient to prevent corrosion at the weldment for longer immersion 
times. 
 
The improvement in corrosion resistance after short immersion times has been attributed 
to the LSM treatment process, which produces a melted layer that characterised with 
absence of the constituent particles that were observed in the as-welded alloy. The 
absence or the lower population of particles within the melted layer leads to decreased 
number of cathodic sites and improvement in corrosion resistance of the weldment 
compared to the as-welded one.  
 
Other authors(42,154) showed that the improvement in corrosion resistance is also due to 
the homogenous fine grain microstructure, in addition to the absence or low level of the 
constituent particles within the melted layer. In general, LSM process leads to the 
dissolution of the particles within the melted layer.  
 
The microscopy examination also confirmed that the presence of pits might be attributed 
to defects and surface inhomogeneities within the melted layer(156). Other authors 
reported that the pitting initiation is attributed to the cathodic effect of the reminder 
particles, which are not dissolved within the LSM(131).  
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Further, the examination of the cross section showed an evident of corrosion at the bulk 
alloy/melted layer interface after longer immersion times, the corrosion progressed 
parallel to the melted layer and extended towards the bulk alloy, the initiation of the 
corrosion is attributed to the cathodic nature of segregation bands of alloying elements 
compared to the adjacent regions. The creation of the segregation band is attributed to the 
alloying elements from the solid solution during LSM. Again, the initiation of the 
corrosion underneath the melted layer is attributed to the galvanic effect of the 
precipitation of constituent particles as previously explained in Chapter 5. SEM 
micrographs also showed that underlaying the melted layer at the HAZ is more 
susceptible to corrosion compared to the other weldment regions. The corrosion takes 
form of intergranular corrosion, which is attributed to the precipitation of second phase 
particles at the grain boundaries as a result of the FSW process. The examination also 
showed accumulation of corrosion product with higher volumetric at the bulk 
alloy/melted layer interface, leading to delamination of the melted layer from the bulk 
alloy, this is attributed to the volumetric effect of the corrosion product, which press the 
melted layer upward(180). 
 
6.9.4. Electrochemical measurements  
The electrochemical measurements revealed an improvement in the corrosion resistance 
of friction stir welded AA2024-T351 after LSM treatment, showing increased pitting 
potentials (towards more positive side), and also reduced the current density during 
anodic polarisation of the same the weldment regions compared to the as-welded alloy.  
 
This observation was also confirmed by OCP measurements, which showed that the 
potential increased compared to the data obtained on the as-welded alloy. The 
improvement in corrosion resistance was attributed to the microstructure homogeneity, 
and the absence of constituent particles within the melted layer, that leads to the 
reduction of the cathodic sites(180). However, pitting is initiated due to potential difference 
between matrix and the constituent particles, such as S-phase (Al2CuMg) that acts as 
anode compared to the matrix. Therefore, the absence of the particles within LSM tends 
to improve the pitting resistance through reducing the galvanic effect within the melted 
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layer compared to the as-welded alloy(155). However, it was reported that the 
improvement of pitting potential of CO2 LSM of AA 2014 is attributed to both fine 
microstructure and the fragmentation of the constituent particles(152).  
 
Further, the electrochemical measurements revealed quite similar potential between the 
weldment regions, indicating the process creates similar microstructure across the 
weldment, the OCP measurements demonstrates the oscillations criteria within the graph 
is less compared to the as-welded one. This indicates the pitting generation due to 
galvanic effect is minimized, suggesting to the absence of constituent particles within the 
melted layer. 
 
The high polarization potentials leads to accelerate the pit propagation, however, the 
pitting resistance during the polarization is improved by increasing the passive film 
thickness The polarization tends to accelerate the dissolution of CuMg rich particles, the 
dissolution rates is a function of the potentials, the CuMg rich particles preferably 
dissolved at low potential, where the copper deposited preferably at low polarization(134).  
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Figure 6.1. Optical image of friction stir welded specimen after LSM for AA 2024–T351. 
 
     
 
   
 
   
Figure 6.2. SEM micrographs of laser treated surfaces within different weldment zones: 
a-b) parent alloy; c-d) HAZ and e-f) TMAZ. 
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Figure 6.3 Schematic indicating the locations for stress analysis at various 
weldment regions. 
 
Figure 6.4. X-ray diffraction (XRD) diffractogram of parent alloy. 
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Figure 6.5. X-ray diffraction (XRD) diffractogram of heat affected zone (HAZ). 
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Figure 6.6. X-ray diffraction (XRD) diffractogram of thermomechanically affected 
zone (TMAZ). 
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Figure 6.7 SEM micrographs of the cross section of laser treated surfaces: a) parent 
alloy; b) HAZ and c) TMAZ. 
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   Figure 6.8 Line scan across the cross section of the laser melting layer within the parent 
alloy. 
 
 
 
 
      Figure 6.9 Line scan across the cross section of the laser melting layer within the HAZ. 
 
 
 
 
 
Figure 6.10 Line scan across the cross section of the laser melting layer within the 
TMAZ. 
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Figure 6.11. High angle annular dark field micrograph of the cross section taken 
from the laser melting layer/bulk alloy interface in parent alloy; (b) as increased     
  magnification and (c) EDX line scan across the bright band, as indicated by the 
line in (b). 
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Figure 6.12. Optical image of the top surface of the LSM-treated weldment after agar-gel 
testing. 
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Figures 6.13. Optical images of the LSM treated weldment after immersion in EXCO 
solution for 1, 2, 4, 6 and 8 h, respectively. 
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Figure 6.14. Optical micrographs of the LSM-treated parent alloy after immersion in 
EXCO solution for: a)1 h, b) 2 h, c) 4 h, d) 6 h, e) 8 h, and f) 12 h, respectively. 
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Figure 6.15. SEM micrographs of the LSM-treated parent alloy after immersion in EXCO 
solution for 6 h. 
 
 
   
 
Figure 6.16. SEM micrographs of the cross section of the laser treated parent alloy after 
immersion in EXCO solution for 6 h. 
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Figure 6.17. Optical micrographs of the LSM-treated HAZ after immersion in EXCO 
solution for: a)1 h, b) 2 h, c) 4 h, d) 6 h, e) 8 h, and f) 12 h. 
 
 
 
Figure 6.18. SEM micrographs of the LSM-treated HAZ  after immersion in the EXCO 
solution for 1 h. 
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Figure 6.19. SEM micrographs of LSM treated at HAZ after immersion in EXCO 
solution for 6 h. 
 
 
            
 
Figure 6.20. SEM micrographs of the cross sections of laser treated HAZ after 
immersion in EXCO solution for 2 h. 
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Figure 6.21. SEM micrographs of cross sections of laser treated HAZ after immersion in 
EXCO solution for 8 h. 
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Figure 6.22. Optical micrograph of laser treated TMAZ after immersion in EXCO solution 
for: a)1 h, b) 2 h, c) 4 h, d) 6 h, e) 8 hours, and f) 12 h. 
 
 
 
 
Figure 6.23. SEM micrographs of LSM treated TMAZ after immersion in EXCO solution 
for 1 h. 
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Figure 6.24. SEM micrographs of LSM treated TMAZ after immersion in EXCO solution 
for 6 h. 
 
 
 
 
Figure 6.25. SEM micrograph of the cross section of laser treated TMAZ after 
immersion in the test solution for 2 h. 
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Figure 6.26. SEM micrographs of the cross section of laser treated TMAZ after 
immersion in the test solution for 6 h. 
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Figure 6.27. OCP curves of various weldment regions after LSM treatment. 
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Figure 6.28. Anodic polarization curves of various weldment regions after LSM 
treatment. 
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Table 6.1. Residual stress analysis on the laser treated surface. 
 
 
Table 6.2. Electrochemical parameters determined from the anodic polarisation curves 
displayed in Figure 6.28 (SCE). 
 
Weldment 
region Ecorr (mV) Epit (mV) 
icorr 
(A/cm2) 
ipass 
(A/cm2) 
Passivation 
Range (mV) 
HAZ -806 -502 3.3E-9 2.1E-8 304 
TMAZ -803 -502 1.2E-8 1.5E-7 301 
Parent alloy -761 -520 9.8E-9 1.2E-7 241 
nugget -834 -541 9.8E-9 1.3E-7 293 
 
 
 
 
 
 
 
 
 
 
Weldment region 
X - direction (MPa) 
transverse direction 
Y - direction (MPa) 
Welding direction 
Parent alloy                       124.1                143 
HAZ             -107.6                170 
TMAZ              -49.6                131.1 
Nugget              -84.2 108 8 
TMAZ              -64.1 137.3 
HAZ               70.2 80 2 
Parent alloy                        47.9           159 8 
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CHAPTER 7 
 
COOLING RATE SIMULATION 
 
7.1. Introduction 
The aims of the investigation are to simulate the cooling cycle following the welding 
process and to assess its effect on the mechanical properties and the microstructure. The 
selected cooling media that employed in the investigation are shown in Table 7.1. The 
mechanical properties were assessed using both surface stress analysis and microhardness 
measurements. SEM and TEM were used to investigate the microstructure, while EDX 
and XRD were employed to analyses and determine the second phases. 
 
This chapter also comprises the effect of the various simulated heat treated friction stir 
welding on the corrosion behaviour of the AA2024-T351 alloy. Immersion testing and 
electrochemical measurements were selected as corrosion investigation techniques. 
Microscopy examination was employed to record and determine the corrosion 
mechanism.  
 
7.2. Microhardness measurements 
The objective of this examination is to detect the variation in the mechanical properties 
between the as-received and heat treated alloys. All the measurements were carried out 
on mechanically polished surfaces. Microhardness measurements showed a variation in 
hardness between variously heat treated specimens, as shown in Table 7.2. Minimum 
value of about 73 HV was recorded on the furnace-cooled specimen. The softening of the 
furnace-cooled specimen is attributed to: 1) recovery of the cold worked alloy and 2) 
dissolution of second phase hardening precipitates. The maximum value of about 210.6 
HV was recorded on liquid-nitrogen-quenched specimen. Microhardness measurements 
on the air-cooled alloy showed a slight reduction in hardness compared to the alloy in as-
received condition. The microhardness of the water-quenched specimen was similar to 
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those recorded on the alloy in as-received condition. Clearly, the hardness is dependent 
on the cooling media (i.e. cooling rate).  
 
7.3. Residual stress 
The consequences of heating and cooling during heat treatment process can lead to 
generation of residual stress. The cooling media (i.e. cooling rate) has significant effect 
on the resultant stress. Rapid cooling rates lead to introduce strain within the heat treated 
alloy. Residual stress analysis was carried out on caustic etched surface. The function of 
caustic etching was to remove any near surface deformed layer, which might arise due to 
mechanical grinding or fabrication process. 
 
Table 7.3 comprises the stress analysis results of variously heat treated specimens. The 
measured stresses have generally negative value, indicating the existence of a 
compressive stress rather than tensile stress. The measurements revealed that the alloys 
treated with rapid cooling rate (water or liquid nitrogen quenching) are characteristic with 
relatively high stress compared to the alloy treated with slow cooling rate. The maximum 
stress value was recorded on water-quenched specimen, and it was about -62.9 MPa. In 
contrast, the minimum value was recorded on the furnace-cooled specimen, and it was 
about -0.6 MPa. The difference in the stress measurements between the variously heat 
treated specimens may attribute to the amount of strain that introduced during the 
cooling.  
 
7.4. Microstructure characterisation  
Optical micrographs of the variously heat treated alloys are displayed in Figure 7.1, the 
examination revealed that all specimens exhibited relatively similar grain structure with 
length up to 250 µm, which is similar to the grain length of the as-received alloy, while 
the grain elongation direction is parallel to the rolling direction. This suggests that the 
various cooling media have little effect on the grain structure, which may be due to the 
short exposure time (2 min) during the treatment.  
 
7.4.1. Furnace cooling 
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Figure 7.2 shows the SEM micrographs of the top surface of the furnace-cooled alloy, 
revealing a network of second phase particles at the grain boundaries, suggesting furnace 
cooling promoted precipitation of second particles along the grain boundaries(14,144).  
 
Figure 7.3 displays an electron backscattered diffraction (EBSD) map of a selected area 
at the top surface of the furnace-cooled alloy, revealing high percentage of low angle 
grain boundaries. It is also confirmed that the grains are elongated, with length up to 250 
µm. Further, subgrains are observed on the map.  
 
Both XRD and EDX analysis were performed to determine the distribution of second 
particles in the furnace-cooled alloy. XRD diffractogram is shown in Figure 7.4, 
revealing the presence of Al2Cu, Al2CuMg and iron rich (Cu2Fe Al7) second phases. 
Figure 7.5 displays SEM micrograph in conjunction with EDX analysis. The analysis 
showed that the composition of the particles at grain boundaries and matrix have varied 
composition of Al(CuMg), Al(Cu) and iron/manganese rich particles, confirming the 
results obtained by the XRD. Campestrini et al.(5) reported that the slow cooling rate from 
the aging temperature tends to generate precipitates with a complicated chemical 
composition, suggesting that the cooling rate plays a key role in both second phase 
precipitation and composition. The distribution, shape and size of the particles have great 
influence on both the corrosion and mechanical properties(6,19). 
 
TEM micrographs of the furnace-cooled specimen are displayed in Figure 7.6, the 
precipitates have irregular shape and size. HAADF micrograph and EDX analysis 
revealed that the precipitates are mainly iron and iron/manganese rich particles, as shown 
in Figure 7.7.  
 
7.4.2. Air cooling 
Figure 7.8 shows the SEM micrographs of the top surface of the air-cooled alloy. The 
examination also revealed a network of second phase particles at grain boundaries, 
indicating that air cooling tends to promote precipitation of the second phase particles at 
the grain boundaries, which may influence the mechanical and corrosion properties(14,144). 
Figure 7.9 displays an electron backscattered diffraction (EBSD) map of selected area at 
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the top surface of the air-cooled alloy, revealing high percentage of low angle grain 
boundaries. The map also confirms that the grains are elongated.  
 
XRD diffractogram of the air-cooled alloy is shown in Figures 7.10, revealing peaks of 
Al2CuMg and Cu2Fe Al7 second phases. EDX in conjunction with SEM performed on the 
air-cooled alloy reveals second phase particles as clusters or isolated particles, as shown in 
Figure 7.11, where the analysis shows that the particles are Al(CuMg) and 
iron/manganese rich particles.  
 
TEM micrographs of the air-cooled alloy are presented in Figure 7.12, revealing large 
amount of uniformly distributed rod-shaped particles. The length is approximately 200 
nm. High angle dark field (HAADF) micrograph and EDX analysis revealed that the 
chemical composition of the rod-shape particles is manganese rich, as displayed in Figure 
7.13. 
 
7.4.3. Water quenching    
SEM micrographs of Figure 7.14 reveals elongated grains. The micrographs also show 
precipitation of some particles at the grain boundaries, indicating that water quenching 
reduces the precipitation of second phase particles at the grains boundaries compared to 
the furnace-cooled alloy. Figure 7.15 shows EBSD map of selected area at the top surface 
of the water-quenched alloy, revealing a high percentage of low angle grain boundaries.  
 
XRD diffractogram of the water-quenched alloy is shown in Figures 7.16, revealing the 
peaks of Al2CuMg and Cu2Fe Al7 second phases. SEM micrograph in conjunction with 
EDX is shown in Figure 7.17. The analysis showed that the particles are Al(CuMg) and 
iron/manganese rich particles, consistent with the results obtained by XRD. The particles 
size is smaller than that observed on the furnace cooled specimens. 
 
Figure 7.18 shows TEM micrograph of the water-quenched specimen. Uniformly 
distributed rod-shape precipitates are evident, which have a length up to 200 nm, 
HAADF micrograph and EDX analysis revealed copper and copper/manganese rich 
particles, as illustrated in Figure 7.19.  
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7.4.4. Liquid nitrogen quenching    
Figure 7.20 displays SEM micrographs of the liquid-nitrogen-quenched alloy, revealing 
the absence of second phase particles at grain boundaries. This indicates that the rapid 
cooling was sufficient to prevent precipitation at the grains boundaries. Figure 7.21 
shows EBSD map of selected area at the top surface of liquid-nitrogen-quenched 
specimen, revealing a high percentage of low angle grains boundaries.  
 
XRD diffractogram of the liquid-nitrogen-quenched alloy is displayed in Figures 7.22, 
showing the peaks of Al2CuMg and (Cu2Fe Al7) second phases. SEM micrograph in 
conjunction with EDX for the liquid-nitrogen-quenched alloy revealed second phase 
particles, as shown in Figure 7.23. The analysis reveals Al(CuMg) and iron/manganese 
rich particles, confirming the results obtained by XRD. The particle size is smaller than 
that observed on the furnace cooled specimen. 
 
TEM micrograph of in the liquid-nitrogen-quenched alloy is ill1ustrated in Figure 7.24, 
revealing rod-shape particles, which are distributed uniformly. HAADF micrograph and 
EDX analysis revealed that the chemical composition for particles is CuMg and Mg rich 
particles, as shown in Figure 7.25.  
 
7.5. Immersion testing 
The objective of the testing was to determine the effect of the various cooling media on 
the corrosion behaviour of the alloy. The testing was carried out by immersing the 
specimens in EXCO solution according to ASTM G34-01 standard. Both ground and 
caustic etched specimens were used for testing times of 30 minutes, 1 h and 2 h. 
 
7.5.1. General view  
It was observed that gas bubbles arise from the specimens’ surface immediately after the 
immersion in the testing solution. The amount of bubbles was relatively higher on the 
furnace-cooled specimens. Optical micrographs of the cross section immersed specimen 
after immersion are displayed in Figure 7.26. The furnace-cooled specimen exhibits 
severe intergranular corrosion, expanding towards to the bulk alloy. Optical micrographs 
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of the air-cooled specimen showed preferential localized corrosion. However, the 
corrosion susceptibility of the air-cooled specimen was less than that observed on the 
furnace-cooled alloy. The investigation on water-quenched specimen showed corrosion 
behaviour similar to that of the air-cooled alloy. Liquid nitrogen quenched specimen 
exhibits better corrosion resistance, suggesting the rapid cooling rate improves the 
corrosion resistance.  
 
7.5.2. Furnace cooling 
SEM micrographs of the furnace cooled specimen are displayed in Figure 7.27. The 
micrographs show that the specimen was suffered from severe intergranular corrosion 
after 30 min of immersion, indicating that the furnace cooling extensively reduced the 
corrosion resistance. Furthermore, SEM micrographs of the specimen after immersion for 
1 h show that the corrosion was expanded compared to that observed on 30 minutes 
immersion specimen. The whole surface was corroded, indicating the corrosion extension 
is dependent on immersion times. High magnification reveals that the corrosion extended 
to the matrix after 2 h of immersion, where some particles seem not corroded. 
 
7.5.3. Air cooling 
SEM Examination confirms that the presence of localized corrosion on the specimen after 
immersion for 30 minutes in the test solution, as shown in Figure 7.28 (a-b). The 
examination of specimens after prolonged immersion (1 h and 2 h) revealed that the 
corroded area was extended into the bulk alloy, as illustrated in Figure7.28 (c-f). In 
general, the corrosion severity of the air cooled specimen was less than that observed on 
the furnace cooled specimen. The cross sectional examination of specimen immersed for 
1 h reveals cracks underneath the surface, to the depth approximately 130 µm. The 
volumetric corrosion product within the cracks leads to pushing the non-corroded 
portions upward parallel to the surface, resulting in delamination from the bulk alloy. 
 
7.5.4. Water quenching  
SEM examination reveals that the extension predominately takes form of intergranular 
corrosion, as illustrated in Figure 7.29 (a-b), showing localized corrosion on the specimen 
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after immersion in the test solution for 30 minutes. High magnification reveals that the 
corrosion initiated at the particles and expanded to the matrix where some particles are 
not or slightly corroded. 
 
The corrosion is extended for prolonged time, suggesting that the corrosion is dependent 
on immersion times, as shown in the Figure 7.29 (c-f). In general, the corrosion 
behaviour of the water quenched specimen is quite similar to that of the air cooled 
specimen. 
 
7.5.5. Liquid Nitrogen Cooling  
SEM micrographs show some localized corroded sites on liquid-nitrogen-quenched 
specimens after immersion for 30 minutes in the test solution, as presented in Figure 7.30 
(a-b). The corrosion susceptibility is less than that of air-cooled and water-quenched 
specimens for same immersion times, suggesting the quenching in liquid nitrogen 
improves the corrosion resistance compared to the other cooling media. The examination 
also reveals the presence of non-corroded constituent particles. Corrosion appears to be 
initiated at second phase particles. Figure 7.30 (c-f) represent the specimens after 
immersion for 1 h and 2 h in the test solution. The corrosion extended compared to 30 
minutes immersion. 
 
7.6. Electrochemical testing measurements 
7.6.1. Open circuit potential (OCP) 
The objective of OCP measurements is to assess the potential behaviour of variously 
treated alloy. The measurements period was 2 hours. The measurements were repeated 
several times to obtain the reproduciblity.  
 
OCP curves of variously heat treated specimens are displayed in Figure 7.31. The 
potential behaviour of the heat treated alloys was quite similar. The potential stabilization 
was achieved relatively early, (directly after the test commencement) for all the 
specimens. A degree of potential oscillation (transient) is observed in water-quenched 
alloys, suggesting the initiation and repassivation of metastable pitting. The potential 
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curves of specimens are relatively smooth. The highest potential of about -550 mV was 
recorded on the liquid-nitrogen-quenched specimen, suggesting the rapid cooling 
improve the corrosion resistance compared to other treatment. The stable potential of 
water-quenched specimen is slightly lower than that of liquid-nitrogen-quenched 
specimen. The potential became stable at the value of -580 mV after few minutes from 
the test commencement. The potential for air-cooled specimens is shift towards the 
negative side compared to water-quenched specimen, and the stable potential was 
achieved at-650mV. The potential for the furnace-cooled sample is around -700 mV, 
suggesting that the furnace cooling tends to lower the potential compared to that of the 
other specimen. In general, OCP measurements showed that the stable potential value is 
dependent on the cooling media. Slow cooling leads to shift of the potential significantly 
to negative.  
 
7.6.2. Anodic polarization    
Anodic polarization measurements for variously heat treated specimens are shown in 
Figure 7.32 and Table 7.4. The current densities of the specimens are within the range of 
E-8 (A/cm2). The measurements also reveal a slight difference in the corrosion potential 
of the specimens, suggesting the cooling rate may influence the polarization reactivity. 
 
On the other hand, the measurements show that the passive region of the furnace-cooled 
specimen is short compared to other specimens. However, the stability of the passive 
region was also influenced by the surface condition.  
  
The breakdown potential (pitting potential) for the liquid-nitrogen-quenched specimen is 
more positive compared to other specimens and is of about -588 mV. The breakdown 
potential for the furnace cooled specimen is more negative compared to other specimens, 
suggesting that the rapid cooling produced less reactive alloys.  
 
7.7. Discussion  
AA2024-T351 alloy has specific mechanical properties, which is attributed to modified 
microstructure as a result of the aging treatment. It widely used in aerospace industry(183). 
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In present study, the correlation between simulated cooling rates, mechanical properties 
and microstructure were assessed. 
 
7.7.1. Mechanical properties 
Microhardness examination revealed that the cooling rates have significant effect on the 
resultant hardness. Liquid-nitrogen-quenching (fast cooling) leads to the increase of 
hardness compared to the non-treated alloy. In contrast, slow cooling rate tends to soften 
the alloy considerably. The difference in hardness between variously treated specimens is 
attributed to the distribution and size of second phase particles, dissolution of hardening 
precipitates and dislocation recovery. Slow cooling (furnace cooling) promotes 
dislocation recovery and dissolution of the hardening precipitates. Conversely, the high 
hardness is also referred to the dislocation movement delaying, thus, the hardness is 
dependent on the dislocations population, where the hardening is enhanced by the 
deformation mechanism(184). M. Jariyaboon et al.(174) reported that the hardness is 
dependent on the ageing temperature. They also found that the high hardness peak was 
recorded for the alloy aged between 400 - 490°C. 
 
7.7.2. Microstructure 
The microscopy examination revealed that the variously simulated heat treatment has not 
significant effect on the grain dimension and direction compared to the as-received alloy 
(parent alloy as shown in chapter 4). This result due refer to the short exposure time at the 
elevated temperature prior the cooling. That does not promote recrystallisation or grain 
coarsening.   
 
Microanalysis reveals that the common constituent precipitates are Al2CuMg and 
iron/manganese rich particles in air-cooled, water-quenched and liquid-nitrogen-
quenched alloys. The presence of these particles was agreed to those found on as-
received (parent alloy), indicating the heat treatment has no effect on the chemical 
composition and the presence of the constituent particles. These results may attribute to 
the short exposure time (aging) prior the cooling, which seemed not sufficient to change 
the constituent particles. Initially, these particles had formed during the casting process of 
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the alloy. Conversely, alloy cooled in furnace showed the presence of Al2Cu phase in 
addition of Al2CuMg and iron/manganese rich phase, suggesting that the slow cooling 
tends to create another second phases compared to the fast cooling one. Furnace cooling 
also promotes precipitation the second phase particles at grain boundaries. This result is 
agreed by Campestrini et al.(5), who reported that slow cooling from exposure (aging) 
temperature tends to precipitate the S-phase and other precipitates at the grains 
boundaries, this suggests that the aging at high temperature leads to increase the S-phase 
particles content particularly at the grains boundaries. The cooling rates and heat 
treatment procedure control the precipitates type and distribution as well as the 
mechanical properties for high strength aluminium alloys. 
 
TEM micrograph showed the presence of rod-shape particles in alloy after air-cooling, 
water-quenching and liquid-nitrogen-quenching, this is in agreement to that observed 
within the original alloy (parent alloy). The presence of such particles has a great 
influence on both mechanical and corrosion properties. However, TEM micrographs of 
the furnace cooled specimen revealed absence of rod-shape particles, indicating that slow 
cooling lead to dissolution of particles, thus, reducing the mechanical properties(185). 
  
Shercliff et al.(92) reported that the obtained microstructure for T3 treatment is performed 
either by dissolution, over-ageing or artificial ageing and those mechanisms are not 
related to the aging temperature range. The obtained hardness following the quenching 
was close to T6 temper, they also pointed out that the aging at 500° C tends to create full 
particles dissolution, long period dissolution at 400° C tends to create partial dissolution, 
and the strength is not improved for the samples aged between 300 - 350° C. 
 
7.7.3. Corrosion behaviour 
Microscopy examination shows that the cooling media have a significant effect on the 
corrosion susceptibility of AA2024-T351 aluminium alloy. The furnace-cooled specimen 
exhibited severe corrosion at short immersion time compared to other specimens, 
suggesting the low cooling rate reduces the corrosion resistance significantly. The low 
corrosion resistance of the furnace-cooled alloy was attributed to precipitation of particles 
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of various chemical compositions at the grain boundaries or matrix, confirming that the 
corrosion was driven by the galvanic effect between the particles and the matrix. 
However, furnace cooling introduced θ phases in addition to the S-phase and iron 
manganese rich particles. The potential for these phases are varied compared to the 
matrix, as shown in Table 2.2. 
 
The corrosion susceptibility of the air-cooled and water-quenched specimens are quite 
similar and exhibits better corrosion resistance compared to the furnace-cooled alloy. The 
improvement in the resistance might attribute to the low relatively amount of particles at 
grain boundaries compared to furnace-cooled one alloy. The corrosion behaviour for 
liquid-nitrogen-quenched specimen is improved compared to other cooling media, the 
improvement might be due to the ultra fast cooling, which prevent the precipitation of the 
particles at the grains boundaries.  
 
Microscopy examination of the cross section reveals that the extension of corrosion into 
the bulk alloy. It is evident that the separation of non-corroded layers from the bulk 
material or “exfoliate”. The introducing of exfoliation corrosion is attributed to the effect 
of both volumetric corrosion product within the cracks and elongated shape of the grains 
(as a result of the original fabrication process rolling), which lead to pushing the non-
corroded layers away from the bulk alloy. 
 
The corrosion depth is a function of immersion time. The depth for air-cooled specimen 
that immersed for 1 hour in the test solution is approximately 100 µm. The corrosion 
initiated as pitting then develop to exfoliation corrosion.  
 
The electrochemistry for aluminium corrosion  
 
Al → Al+3 + 3e                          anodic reaction 
 
O2 + 2H2O + 4e   →   4OH-              cathodic reaction 
 
The corrosion product is aluminium hydroxide 
 
                              Al3+ + 3OH-    →   Al(OH)3 
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The electrochemical measurements showed that rapid cooling tends to increase both 
pitting corrosion and OCP. This can be explained in term of dissolution of copper within 
the solid solution and the distribution of second phases particles. It was reported that the 
presence of the copper within the sold solution leads to rise of the pitting potential of 
2xxx aluminium alloys, since the rapid cooling tends to dissolve copper within the solid 
solution rather than formation of the second phase particles. In contrast, it was found that 
the heat treatment followed by slow cooling rates tends to create copper free zone in the 
narrow region adjacent to grain boundaries(134).  
 
It was reported that the distribution of second phase particles is influenced by the cooling 
rate from the heat treatment temperature, suggesting that the corrosion susceptibility is 
highly dependent on the cooling rates. The volume friction of Al-Cu-Mg and Al-Cu-Mn-
Fe-Si particles is high in the slow cooled specimens, the slow cooling tends to generate 
irregular particles of a variation in chemical composition. 
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Figure 7.1. Optical micrographs of the alloy after: a) furnace-cooling, b) air-cooling, c) 
water-quenching and d) liquid-nitrogen-quenching (etching in Keller solution). 
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Figure 7.2. SEM micrographs of furnace-cooled specimen (electropolished in 30% 
prechloric acid, 70% ethanol solutions). 
 
 
 
 
Figure 7.3. EBSD map taken from the top surface of the furnace-cooled specimen. 
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Figure 7.4. XRD diffractogram of furnace-cooled specimen. 
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 Figure 7.5. EDX analysis of furnace-cooled specimen. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Spectrum  Mg Al Mn Fe Cu Total  
Spectrum 1   95.67   4.33 100.00  
Spectrum 2  3.39 86.72   9.89 100.00  
Spectrum 3  4.42 82.15   13.42 100.00  
Spectrum 4   95.06   4.94 100.00  
Spectrum 5   60.65 10.02 14.40 14.93 100.00  
Spectrum 6   77.26 0.96 3.67 18.10 100.00  
Spectrum 7   60.59   39.41 100.00  
All results in weight% 
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Figure 7.6. TEM micrographs of electropolished thin foil prepared from furnace-cooled 
specimen. 
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Figure 7.7. HAADF TEM micrograph of furnace cooled specimen, b-c) EDX spectra 
obtained from the framed area in (a). 
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Figure 7.8. SEM micrographs of air-cooled specimen (electropolished in 30% prechloric 
acid, 70% ethanol solutions). 
 
 
 
 
Figure 7.9. EBSD map taken from the top surface of the air-cooled specimen. 
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Figure 7.10. XRD diffractogram of air-cooled specimen. 
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Figure 7.11. (a) SEM micrograph of the air-cooled specimen; (b) EDX line scan 
along the line indicated in (a). 
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Figure 7.12. TEM micrographs of electropolished thin foil prepared from air-
cooled specimen. 
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Figure 7.13. a) HAADF TEM micrograph of air-cooled specimen; b-d) EDX spectra 
obtained from areas indicated in (a). 
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Figure 7.14. SEM micrographs of the water quenched specimen (electropolished in 30% 
prechloric acid, 70% ethanol solutions). 
 
 
 
 
 
Figure 7.15. EBSD map taken from the top surface of the water-quenched specimen. 
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Figure 7.16. XRD diffractogram of water-quenched specimen. 
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Figure 7.17. EDX analysis of the water-quenched specimen. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Spectrum  Mg Al Mn Fe Cu Total  
Spectrum 1  10.09 59.44   30.47 100.00  
Spectrum 2   100.00    100.00  
Spectrum 3  6.02 74.91   19.06 100.00  
Spectrum 4   76.30 1.42 4.26 18.02 100.00  
Spectrum 5  6.47 70.21 0.12 0.07 23.13 100.00  
All results in weight% 
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Figure 7.18. TEM micrographs of electropolished thin foil prepared from water-quenched 
specimen. 
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Figure 7.19. a) HAADF TEM micrograph of water-quenched specimen: b-e) EDX 
spectra obtained from areas indicated in (a). 
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Figure 7.20. SEM micrographs of the liquid-nitrogen-quenched specimen (electropolished in 30% 
prechloric acid, 70% ethanol solutions). 
 
 
 
 
Figure 7.21. EBSD map taken from the top surface of the liquid-nitrogen-quenched 
specimen. 
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Figure 7.22. XRD diffractogram of liquid-nitrogen-quenched specimen. 
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Figure 7.23. EDX analysis of liquid-nitrogen-quenched specimen. 
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Figure 7.24. TEM micrographs of electropolished thin foil prepared from liquid-nitrogen-
quenched specimen. 
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Figure 7.25. a) HAADF TEM micrograph of liquid- nitrogen-quenched specimen; b-e) 
EDX spectra obtained from areas indicated in (a). 
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Figure 7.26. Optical micrographs of cross section of the variously heat treated specimens 
after immersion in EXCO solution for1 h: a) furnace cooled, b) air cooled, c) water 
quenched and liquid nitrogen quenching. 
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Figure 7.27. SEM micrographs of the furnace cooled specimen after immersion in the 
EXCO solution for: a-b) 30 min; c-d)1 h and e-f) 2 h. 
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Figure 7.28. SEM micrographs of the air-cooled specimen after immersion in the EXCO 
solution for: a-b) 30 min; c-d)1 h and e-f) 2 h. 
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Figure 7.29. SEM micrographs of the water quenched specimen after immersion in the 
EXCO solution for: a-b) 30 min; c-d)1 h and e-f) 2 h. 
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Figure 7.30. SEM micrographs of the liquid nitrogen quenched specimen after immersion 
in the EXCO solution for: a-b) 30 min; c-d)1 h and e-f) 2 h. 
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Figure 7.31. OCP curves of variously heat treated alloy. 
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Figure 7.32. Anodic polarization curves of variously heat treated specimens. 
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Table 7.1. Heat treatment conditions. 
 
Material Exposure temperature 
Exposure 
time Cooling medium 
Furnace cooling (FC) 
Air cooling (AC) 
Water quenching (WQ) 
AA2024-T351 480°C 2 minutes 
Liquid nitrogen quenching (LNQ) 
 
Table 7.2. Average microhardness of variously treated alloy. 
              Cooling media Hardness (HV) (average) 
              Furnace cooling 73 
             Air cooling   124 
              Water quenching   142 
              Liquid nitrogen cooling        210.6 
              As-received       145.6 
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Table 7.3. Stress analysis for heat treated specimens (readings were taken 3 mm): 
 
Tested point X - direction Y - direction 
1 17.8 -27.3 
2 -20.4 -28.2 
3 -36.1 -59.2 
4 -22.2 -29.0 
5 -15.2 -35.9 
a) air-cooled specimen. 
 
 
Tested point X- direction                      Y - direction 
1 -42.9 20.6 
2 -15.2 -30.7 
3 -0.6 -33.9 
4 -22.5 -36.4 
5 -20.2 -23.0 
b) furnace-cooled specimen. 
 
 
Tested point X - direction Y - direction 
1 -18.9 15.4 
2 -14.0 -43.3 
3 -25.8 -28.0 
4 -23.9 -21.5 
5 -20.6 -19.35 
c) liquid-nitrogen-quenched 
 
 
Tested point X –direction Y-direction 
1 -43.1                         -3.8 
2 -62.9 26.4 
3 -23.4 41.4 
4 -45.6 8.2 
5  43.7 24.4 
d) water-quenched specimen. 
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Table 7.4. Electrochemical parameters determined from the anodic polarisation curves 
displayed in Figure 7.32. 
 
Specimens icorr (A/cm2) Epit (mV) Ecorr (mV) Passivation Range (mV) 
    QC 3.11E-8 -664 -991 325 
     AC 1.39E-8 -617 -973 356 
     LNC 2.34E-8 -588 -941 
 
353 
 
      FC 2.19E-8 -703 -936 233 
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CHAPTER 8 
 
CONCLUSIONS 
 
8.1. Microstructure Modification 
Microstructure characterisation shows that the friction stir welded AA2024 aluminium 
alloy is featured with distinct regions, namely, thermomechanically affected zone 
(TMAZ), heat affected zone (HAZ) and parent alloy (PA).  
 
The TMAZ centre (or nugget region) consists of equiaxid, fine grains of approximately 3-
6 µm diameter. The formation of nugget region is attributed to the dynamic 
recrystallization during the welding process. TMAZ edges are featured with heavily 
deformed grains of up to 40 x 150 µm in size, suggesting that the temperature and 
deformation are not sufficient for dynamic recrystallisation at the TMAZ edges. The 
HAZ exhibits grain of approximately 250 x 100 µm in size, similar to that in the parent 
alloy, indicating little grain coarsening in the HAZ during the welding process. 
 
Examination of the parent alloy revealed that the population density of the intermetallic 
particles at grain boundaries is similar to that in grain matrix. This is consistent with the 
T3 temper obtained during fabrication. In contrast, the HAZ exhibits a network of 
precipitates at grain boundaries, indicating that the thermal cycle during welding was 
sufficient to promote the preferential precipitation of fine intermetallic particles at the 
grain boundaries. Compositional analysis confirms the presence of AlCuMg particles at 
grain boundaries. Fragmented constituent particles, due to the mechanical action of the 
welding process, are observed within the TMAZ. Further, transmission electron 
microscopy revealed uniformly distributed, rod-shaped particles of length up to 200 nm 
in all weldement regions. EDX analysis detected that the particles are manganese-rich. 
 
Microhardness measurement shows significantly reduced hardness within the HAZ.  
Such phenomenon is attributed to the thermal exposure experienced by the HAZ during 
welding process, which resulted in the dissolution of fine strengthening precipitates that 
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are present in the alloy in T3 temper, the recovery of the cold worked alloy and the grain 
coarsening.  
 
8.2. Corrosion Behaviour 
Corrosion testing indicates that FSW significantly reduced the corrosion resistance of the 
alloy. It is evident that the regions just outside TMAZ (i.e. HAZ) become more 
susceptible to corrosion compared to other weldment regions and the parent alloy. 
Initially, the corrosion took the form of pitting, then, developed later in the form of 
intergranular corrosion. Corrosion is driven by the microgalvanic coupling between the 
network of second phase particles at grain boundaries and the adjacent matrix. In 
contrast, the parent alloy exhibits less corrosion susceptibility. The relatively high 
corrosion resistance of the parent alloy is attributed to the uniform distribution of second 
phase particles within the matrix.  
 
8.3. Corrosion Control 
Laser surface melting process introduced a near-surface melted layer, up to 5 µm thick, 
along the weldment. LSM process produces a relatively homogeneous microstructure, 
where normal constituent particles are absent, suggesting that the temperature reached 
during laser surface melting process is sufficient for the dissolution of the intermetallic 
particles. However, scrutiny of the melted near-surface layer revealed continuous 
segregation bands, approximately 10 nm thick, containing mainly copper and/or iron. 
 
The improvement in the corrosion resistance of the weldment after laser surface melting 
treatment is evident for short period of testing, due to the homogeneity of the 
microstructure and the removal of the constituent particles within the near-surface melted 
layer. However, prolonged testing reveals corrosion within the melted near-surface layer 
and delamination of the melted near-surface layer from underlying bulk alloy. The 
presence of copper and/or iron rich segregation bands promoted localised corrosion of the 
laser melted layer due to microgalvanic action. From the areas where melted layer is 
corroded, localised corrosion propagated further into the weld intergranularly. The severe 
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intergranular corrosion beneath the laser melting layer undermines the laser melting 
layer, resulting delamination of the surface layer from the underlying bulk alloy.  
 
The simulated heat treatments show that the cooling cycle of the welding process has a 
significant influence on the alloy’s microstructure and, consequently, corrosion 
behaviour. Slow cooling can result in formation of a continuous network of second phase 
particles at the grains boundaries, leading to significantly reduced corrosion resistance. 
Rapid cooling tends to prevent the formation of second phase particles at grains 
boundaries, resulting in improved corrosion resistance.   
 
8.4. Suggestions for Future Work 
The current study reveals that the corrosion behaviour and mechanical properties are 
altered significantly by friction stir welding process due to the microstructure 
modification introduced by the process. Both LSM and control of cooling rate show 
promises in improving the corrosion resistance of friction stir welded AA2024-T3 
aluminium alloy by introducing desired microstructure. The present study has highlighted 
a number of interesting areas that would benefit from further investigation: 
 
1) Study of defect tolerance of the laser surface melting treated alloy and the effect on 
the corrosion behaviour of underlying alloy with the aim to reduce the susceptibility 
to the exfoliation of LSM layer due to the corrosion on underlying alloy observed in 
the present study.   
 
2) Application of cooling rate control during friction stir welding to obtain the desired 
microstructure and corrosion property. 
 
3) Study of the influence of laser treatment process parameters on the distribution of 
alloying elements in the LSM layer the aim to reduce the segregation bands.   
 
4) In order to improve the protection level, it is suggested to study other corrosion 
control methods for FSW welded alloy, including environmental friendly coating.  
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5) Conventionally, FSW would involve local removal of the originally applied 
protection scheme and reapplication after joining. Thus, a new corrosion control 
strategy is necessary to parallel the new generation assembly technologies. The sol 
gel route offers much flexibility, with a tailored process being undertaken by 
immersion or spray unlike the currently employed anodizing treatments. 
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